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Brief overview of Fluorescence Correlation in Microscopy:
Single point FCS 

Elson, E.L., Schlessinger J, Koppel DE, Axelrod D, Webb WW. Measurement of lateral transport on cell surfaces. Prog Clin Biol Res. 
1976;9:137-47. 

Scanning FCS 
Berland et al, Two-photon fluorescence correlation spectroscopy: method and application to the intracellular environment. Biophys J. 

1995 Feb;68(2):694-70)

Image Correlation Spectroscopy (ICS)
– Petersen, N.O. Scanning fluorescence correlation spectroscopy. I. Theory and simulation of 

aggregation measurements. Biophys J. 1986 Apr;49(4):809–815. 
– Wiseman, P. W. 1995. Image correlation spectroscopy: development and application to studies of 

PDGF receptor distributions. Ph.D. thesis. The University of Western Ontario, London, ON.

Temporal Image Correlation Spectroscopy (tICS)
     -     Brown, C. 1998. and Petersen, N.O., An image correlation analysis of the distribution of   
                            clathrin associated adaptor protein at the plasma membrane, Journal of Cell Science 1998   
                            (111):271-281        

Spatio-Temporal Image Correlation Spectroscopy (STICS)
          -     Hebert, B., Constantino, S. and Wiseman, P.W. Spatiotemporal image correlation                                  

spectroscopy (STICS) theory, verification, and application to protein velocity                                   
mapping in living CHO cells.  Biophysical Journal 2005(88):3601-14        

 k-space ICS (kICS)
   Kolin et al 2007 Biophysical Journal, k-Space Image Correlation Spectroscopy (kICS): A 

  Method for Accurate Transport Measurements Independent of Fluorophore Photophysics



Drawbacks of Single Point FCS in the Cell

• Have to pick spatial location on the cell before making the 
measurement.

• Don’t know what the cell is doing during the measurement.

• Can only measure one location at a time.



One point versus the entire image

http://upload.wikimedia.org/wikipedia/commons/c/c5/Soccer_match_-_Rochester_vs_Carolina.JPG
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Major benefits of RICS:

It can be done with commercial laser scanning microscopes (either 
one or two photon systems).

It can be done with analog detection, as well as with photon counting 
systems, although the characteristic of the detector must be 
accounted for (time correlations at very short times due to the analog 
filter).

RICS provides an intrinsic method to separate the immobile fraction.

It provides a powerful method to distinguish diffusion from binding.

How does it work?

Raster Image Correlation Spectroscopy



Raster Scanned Images

Fluorescence Microscopy Image 
from LSM

Movie courtesy of the Wiseman lab
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Raster Scanning

Start here
Pixel time Line time + retracing time

LSM image contains time structure.
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Situation 1:slow diffusion

Situation 2: fast diffusion

2 3 4
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Using Temporal Information Hidden in the Raster-
Scan Image: The RICS Approach
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How is the Spatial Correlation Calculated?

This operation has to be repeated for all possible 
combinations of pixel and line shifts:
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How is the Spatial Correlation Calculated?

Image 1

(0,0) (0,256)

Image 1
shifted

(x,0+y) (0,256)

Matrix 1 Matrix 2

x

Operation: 

One number is obtained for each pixel delay normalized by the 
average intensity squared.

)127,0127,0)...(2,02,0()1,01,0()0,00,0( ××+×+×
Shift in the x and y direction

)127,1127,1)...(2,12,1()1,11,1()0,10,1( ××+×+×+
...+
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How to Use a Stack of Images?

Spatially correlate each frame
Individually.

Then take the average of all the 
frames.

FRAME #1

(0,0) (0,256)

FRAME #1

(0,0) (0,256)

FRAME #1

(0,0) (0,256)

FRAME #1

(0,0) (0,256)

FRAME #1

(0,0) (0,256)

FRAME #100

(0,0) (0,256)

1. . .
. .

100
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• In a raster-scan image, points are measured at different positions and at 
different times simultaneously:

• If we consider the pixel sequence, it is contiguous in space.
• If we consider the time sequence, it is not continuous in time. 

• In the RICS approach, we calculate the 2-D spatial correlation function 
(similarly to the ICS method of Petersen and Wiseman)

• The variables  ξ and ψ  represent spatial increments
   in the x and y directions, respectively.

• 2-D spatial correlation can be computed very efficiently using FFT methods.

• To use the “RICS concept” we must account for the relationship between 
time and position of the scanning laser beam. 

The RICS Approach: 2-D Spatial Correlations

ψ
ξ
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• The dynamic at a point is independent on the scanning motion (S) of the laser 
beam: ),(),(),( ψξψξψξ GSGRICS x=

• Consider now the process of diffusion. The diffusion kernel can be 
described by the following expression:

• There are two parts: 
(1) The temporal term.
(2) The spatial Gaussian term.

• For any diffusion value the 
amplitude decreases as a function 
of time and the width of the 
Gaussian increases as a function 
of time.

The RICS Approach for Diffusion

SLOW

FAST
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• At any position, the ACF due to diffusion takes the familiar form: 

• τp and τl indicate the pixel time and the line time.
  The correlation due to the scanner movement is: 
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• Where δr is the pixel size. For D = 0, the spatial correlation gives the 
autocorrelation of the PSF, with an amplitude equal to γ/N.  As D increases, 
the correlation (G term) becomes narrower and the width of the S term 
increases.

RICS: Space and Time Relationships

Digman et al. Biophys. J., 2005
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D = 0.1 µm2/s

(membrane 
proteins)

D = 5.0 µm2/s

(40 nm beads)

D = 90 µm2/s

(EGFP)

RICS Simulations of Three Different Diffusion Rates:
Box size = 3.4 µm sampling time: 1) 32 µs/pixel  2) 8 µs/pixel  3) 4 µs/pixel



lfd Horizontal and Vertical fits:
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Brown et al, JMI, 2007Done using SimFCS.

Simulations of beads 300 frames, 128 x 128 pixels, 8 µs/px, pixel size 30 nm
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Scan Speeds (µs/pixel):

•  4 µs for fast molecules (D > 100 µm2/s).
•  8 – 32 µs for slower molecules (D = 1 µm2/s – 100 µm2/s).
•  32 – 100 µs for slower molecules (D = 0.1 µm2/s – 10 µm2/s).

Pixel Size:

•  3 – 4x smaller than the Point Spread Function (PSF 300nm).

Molecular Concentrations

Same conditions as conventional FCS methods.

How to Set Up the Laser Scanning Microscope
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Common Mistakes in RICS

Scanning speed too slow
(100 µs/pixel, D = 300 µm2/s)

Pixels are separated too much  
compared to the PSF
(pixel size = w0 = 0.3 µm)

Courtesy of Jay Unruh
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128 x 128, 4 µs/pixel, 5.4 ms/line, 0.023 µm/pixel

Digman et al. Biophys. J., 2005

RICS: Fits to Spatial Correlation Functions

EGFP in solution Spatial ACF

D = 105 ± 10 µm2/s

Fit to Spatial ACF

Olympus Fluoview300 LSM
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What ROI Size to Use? How Many Frames to Acquire?

Size of ROI square (pixels)

Number of Frames Analyzed
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0

20

40

60

80

100

120

140

160
256x256
128x128
64x64
32x32

D
 (µ

m
2 /s

)

100nM mEGFP

0.000
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008

256 128 64 32

g(
0)

 a
ve

ra
ge

500 frames

100 frames

75 frames

50 frames

25 frames

10 frames

1 frame

ROI size

100nM mEGFP

Brown et al, JMI, 2007



lfd
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Obtaining Concentrations From RICS

Brown et al, JMI, 2007
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How Do We Go from Solutions to cells?

• In cells we have an immobile fraction.

• The 2-D spatial correlation of an image containing 
immobile features has a very strong correlation 
pattern.

• We need to separate this immobile fraction from 
the mobile part before calculating the transform.

• How is this achieved?
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• In a “truly immobile” bright region, the intensity 
fluctuates according to the Poisson distribution due 
to shot noise. 

• The time correlation of the shot noise is zero, except 
at time zero. 

• The spatial correlation of the intensity at any two 
pixels due to shot noise is zero, even if the two 
points are within the PSF. 

• If we subtract the average intensity and disregard 
the zero time-space point, the immobile bright 
region totally disappears from the correlation 
function.

Attention!!!
This is not true for analog detection, not even in the 
first order approximation. For analog detection the 
shot noise is time (and space) correlated.

Does Noise from the Detector Correlate?

Photon counting:
ACF of a bright 
immobile particle

t

Analog detection:
ACF of a bright 
immobile particle

t



• The intensity of each pixel minus the average intensity from entire stack for 
each pixel: 

• However, this yields negative values. A scalar must be added :

lfd
Formula Used to Subtract Background

Subtract the average.

x

y

Spatial correlation
of entire image
after subtracting 
average.

• Average intensity of each pixel on the overall stack:  

),(),( yxIyxIi −

),( yxI

Ia =

Spatial correlation
before subtracting 
background.

ayxIyxIyxFwhereyxFRICS iii +−= ),(),(),()),((
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Frames
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Start the analysis

50 60

End of the analysis

Subtraction of a Moving Average

Problem: Bleaching during image acquisition 
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Average 
between 1-10Frame #5

-

Matrix 1 Matrix 2

=

A scalar average is 
then added

Operation is repeated for frame #6 - average between frames 2-11
                                         frame #7 - average between frames 3-12
     … 

Moving Average Operation on Frames:



Pixel size  =   0.092 μm
Pixel time =   8 μs 
Line time  =   3.15 ms
wo              =   0.35 μm

Spatial ACF
no removal

Spatial ACF
with removal 

G1(0)     =     0.0062
D1          =     7.4 μm2/s
G2(0)     =      0.00023
D2          =      0.54 μm2/s
Bkg        =     -0.0012

Fit using 3-D diffusion formula

Example of the Removal of Immobile 
Structures and Slow Moving Features

 

What is left 
after removal

lfd
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MEF cells expressing the Raichu biosensor
1 frame/30s. Total run time: 48 min.

Cell migration is important for:

•  Embryonic development
•  Wound healing
•  Immune responses
•  Cancer metastasis

Lack of regulation of cell migration 
may lead to:

•  Vascular disease
•  Congenital brain defects 
•  Chronic inflammatory disease
•  Tumor formation 
•  Metastasis
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Cell Migration and Paxillin Function

Leading Edge
Vicente-Manzanares, M., Webb, D. J., and Horwitz, A. R. (2005) J. Cell Sci. 118, 4917–4919 

Turner, C.E., (2000). Paxillin and focal adhesion 
signaling. Nature Cell Biol., 2 E231 6. 
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256 x 256 pixel (35.5 µm), 32 µs/pixel, 10.4 ms/line, ω0 = 0.42, total 
run time 5.2 min.
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D = 10.2 µm2/s
D = 1.09 µm2/s

D = 0.20 µm2/s

x-coordinate

y-
co

or
di

na
te

A B

C D

2

3

7
85

4

1

6



lfd
RICS analysis using auto-scan of a small area

G(0)

Spatial maps of the apparent diffusion coefficient of paxillin across the cell. 

With diffraction limited microscopy, the spatial resolution is limited to ~2 µm.



lfd
Optical Resolution
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Stimulated emission Depletion (STED) Principle

STED relies on fluorophore switching:

kon

koff

brightdark

• STED functions by depleting fluorescence in specific regions of the sample while 
leaving a center focal spot active to emit fluorescence.

• The STED laser must possess zero-fields in the center and maximum in the periphery 
which exhibits a doughnut-shaped phase pattern
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STED Principle
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S0
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excitation

stimulated 
emission

spontaneous

emission

Stimulated emission:

kon

koff

If a system is pumped by a second laser while still being in the excited state, the second laser kicks the electron back to 
the ground state without fluorescence. In this process known as the stimulated emission,
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STED Principle

200 nm

STED power

STEDλexcλ

effective excitation

depletionexcitation
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lfd
STED Setup
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STED Principle
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STED Resolution
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lfd β-Tubulin-Alexa594 in Fixed HeLa Cells
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Application of STED to RICS

STED power

confocal STED

membrane
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volume

5 µm
scan

RICS
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STED-RICS
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Lipid bilayer labeled with Atto647N-DPPE:

Hedde et al., Nature Commun. 4 (2013) 2093
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STED-RICS

Atto647N-DPPE in the plasma membrane of XTC cells:

Hedde et al., Nature Commun. 4 (2013) 2093
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STED-RICS

Atto647N-DPPE in the plasma membrane of XTC cells:

Hedde et al., Nature Commun. 4 (2013) 2093
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Conclusions

10-6 10-3 10-0

τ (s)
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Molecule
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G
(τ

)

t=1
t=2

t=0

t=3
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Line
msec

T-ICM
Sec to min

RICS

Temporal ICMRICS

Techniques Time Res. Spatial Res. Used to Study

Temporal-ICM sec <0.5 µm Protein aggregates
Transmembrane proteins

RICS µsec-msec ~2 µm Soluble proteins
Binding interactions

STED-RICS µsec-msec <0.5 µm Soluble proteins
 Binding interactions
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Existing Methods to Determine Protein 
Concentration and Aggregation of Proteins in Cells

1. Calibration of the free fluorophore based on intensity

However, it doesn’t give you the size distribution.
 Only concentration is given.

INTENSITY

31,250 counts/s
      

93,750 counts/s

If “free” EGFP at 10 nM 
gave 30,000 counts/s, the 
conclusion would be that:
           
            = 10 nM

            = 30 nM
Average intensity of MEF cells 
expressing paxillin-EGFP.

A

B

A

B

or
      

?
      

How can we 
determine if



2. Förster Resonance Energy Transfer (FRET)

This method is very sensitive to detect the formation of 
pairs.

Existing Methods to Determine Protein 
Concentration and Aggregation of Proteins in Cells



3. Image correlation Spectroscopy (ICS)

However, the events must be slow >1 s (no movement during one frame) 
and the aggregates must be large.                                            
     Petersen and Wiseman. Biophys. J. (1999) 

Existing Methods to Determine Protein 
Concentration and Aggregation of Proteins in Cells



Purpose: Provide a pixel resolution map of molecular number and aggregation 
in cells.

Method:  First and second moment of the fluorescence intensity distribution at 
each pixel.

Source:  Raster scanned image obtained with laser scanning microscopes.
   TIRF with fast cameras.
  Spinning disk confocal microscope.

Output:  The N and B maps, B vs intensity 2D histogram.

Tools:  Cursor selection of pixel with similar brightness.
            Quantitative analysis of center and std dev of the e and n 

distribution.
  Tools for calibration of analog detectors.

Tutorials: Mathematical background, data import, analysis examples (our web 
site).

The Number and Brightness (N&B) Analysis



Given two series of equal average, the larger is the variance, 
the less molecules contribute to the average.  The ratio of the 
square of the average intensity (<k>2) to the variance (s2) is 
proportional to the average number of particles <N>.

0 5 10 15 20 25 30 35
18.8

19.0

19.2

19.4

19.6

19.8

Time (s)

In
te

ns
ity

 (k
cp

s) at pixel k

0 5 10 15 20 25 30 35
18.8

19.0

19.2

19.4

19.6

19.8

Time (s)

In
te

ns
ity

 (k
cp

s)

at pixel j

Fr
eq

ue
nc

y

19.4 khz

Fr
eq

ue
nc

y

19.4 khz

0 5 10 15 20 25 30 35
18.8

19.0

19.2

19.4

19.6

19.8

Time (s)

In
te

ns
ity

 (k
cp

s) at pixel k

0 5 10 15 20 25 30 35
18.8

19.0

19.2

19.4

19.6

19.8

Time (s)

In
te

ns
ity

 (k
cp

s)

0 5 10 15 20 25 30 35
18.8

19.0

19.2

19.4

19.6

19.8

Time (s)

In
te

ns
ity

 (k
cp

s) at pixel k

0 5 10 15 20 25 30 35
18.8

19.0

19.2

19.4

19.6

19.8

Time (s)

In
te

ns
ity

 (k
cp

s)

at pixel j

0 5 10 15 20 25 30 35
18.8

19.0

19.2

19.4

19.6

19.8

Time (s)

In
te

ns
ity

 (k
cp

s)

at pixel j

Fr
eq

ue
nc

y

19.4 khz

Fr
eq

ue
nc

y

19.4 khz

Fr
eq

ue
nc

y

19.4 khz

Fr
eq

ue
nc

y

19.4 khz
K

kk
i

i∑ ><−
=

2

2
)(

σ

K

k
k i

i∑
>=<Average 

(first moment)

Variance 
(second moment) σ

k

How to Distinguish Pixels with Many Dim Molecules 
from Pixels with Few Bright Molecules?



This analysis provides a map of <N> and brightness B for every pixel in the 
image. The units of brightness are related to the pixel dwell time and they are 
“counts/dwell time/molecule”.  
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Calculating Protein Aggregates from Images



To increase the apparent brightness we could increase the dwell time, since 
the brightness is measured in counts/dwell time/molecule.

However, increasing the dwell time decreases the amplitude of the 
fluctuation. 
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Selecting the Dwell Time



What Contributes to the Variance?

nn
22 εσ = nd εσ =2

222
dn σσσ +=

The measured variance contains two terms, the variance due to the particle 
number fluctuation and the variance due to the detector count statistics 
noise.

These two terms have different dependence on the molecular brightness:

Both depend on the intrinsic brightness and the number of molecules.  
We can invert the equations and obtain n and ε.

(for the photon counting detector)

nn
22 εσ =Variance due to particle number fluctuations:

nd εσ =2Variance due to detector shot noise:

n is the true number of mol
ε is the true molecular brigh
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How to Calculate n and ε 

This ratio identifies pixels of different brightness due to mobile particles.  

The “true” number of molecules n and the “true” molecular brightness for 
mobile particles can be obtained from
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If there are regions of immobile particles, n cannot be calculated because for 
the immobile fraction the variance = <k>. For this reason, several plots are 
offered to help the operator to identify regions of mobile and immobile 
particles. Particularly useful is the plot of N vs B.
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2-photon excitation using photon counting detectors.
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20 nM EGFP in solution as a function of laser power: 
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		2-photon system First series

				S_factor		I		variance		k0		G(0)		N(from G(0)		n((k0)		e(k0)

		96 mW 1000		1.066		0.15743		0.16882		0		0.04579		21.8388294387		24.7936264781		0.0063496157

		96 mW r1000		1.066		0.16597		0.17884		0		0.05287		18.9143181388		14.3769981419		0.0115441345

		96 mW r1001		1.066		0.1566		0.16882		0		0.05409		18.4877056757		13.0139885375		0.0120332056

		88 mW 1000		1.066		0.1681		0.18322		0		0.10851		9.2157404847		7.0198266011		0.0239464604

		88mW r1000		1.066		0.19496		0.21325		0		0.12529		7.9814829595		7.0093905552		0.0278141157

		80mW 1000		1.066		0.14546		0.15805		0		0.11044		9.0546903296		7.0773108468		0.0205530043

		80mw 1001		1.066		0.144685		0.15734		0		0.1046		9.5602294455		6.7402333142		0.0214658741

		80mW R1000		1.066		0.14546		0.15805		0		0.1996		5.0100200401		7.0773108468		0.0205530043

		60 mW R1000		1.066		0.12076		0.13066		0		0.1801		5.5524708495		7.5565733947		0.0159807883

		60 mW R1001		1.066		0.12076		0.13063		0		0.1802		5.5493895671		7.6758977598		0.0157323617

		60 mW 1002		1.066		0.11318		0.12196		0		0.1184		8.4459459459		9.7775107624		0.0115755434

		New series										variance

						S		I		K0				G(0)				n		e

		30 mW sp		30		1.066		0.033		0		0.03567		0.06607		15.1354623884		2.2134146341		0.0149090909

		30mW r		30		1.066		0.03356		0		0.03582		0.12013		8.3243153251		25.0060746004		0.0013420739

		50 mW sp		50		1.066		0.067		0		0.07163		0.059992		16.6688891852		21.5817307692		0.0031044776

		50 mW R		50		1.066		0.067		0		0.07187		0.07043		14.1984949595		10.0200892857		0.0066865672

		90 mW sp		90		1.066		0.145		0		0.15677		0.063524		15.7420817329		9.5568181818		0.0151724138

		90 mW R		90		1.066		0.15		0		0.16166		0.07014		14.2571998859		12.7840909091		0.0117333333

		130 mW sp		130		1.066		0.249		0		0.2681		0.061785		16.1851582099		23.2561890473		0.0107068273

		130 mW R		130		1.066		0.27447		0		0.29663		0.06798		14.710208885		18.624018141		0.0147374212

		180 mW sp		180		1.066		0.346		0		0.37603		0.058663		17.046519953		16.6410897971		0.0207919075

		180 mW R		180		1.066		0.40175		0		0.43721		0.0667		14.9925037481		18.0449508078		0.0222638457

		230 mW sp		230		1.066		0.456		0		0.49599		0.047429		21.08414683		21.0163735597		0.0216973684

		230 mW R		230		1.066		0.531		0		0.58414		0.05844		17.1115674196		15.5831214767		0.0340753296

						S		I		K0				G(0)		1/G(0)		n		e

		x4										variance

		22mWsp		22		1.066		0.098		0		0.10489		0.0021		476.1904761905		22.7582938389		0.0043061224

		22mWR		22		1.066		0.097		0				0.00477		209.64360587

		30mWsp		30		1.066		0.172		0		0.1839		0.00489		204.4989775051		53.9854014599		0.0031860465

		30mWR		30		1.066		0.174		0				0.0029		344.8275862069

		52mWsp		52		1.066		0.342		0		0.36624		0.00722		138.5041551247		70.1223021583		0.004877193

		52mWR1000		52		1.066		0.35		0				0.00617		162.074554295

		52mWR1001		52		1.066		0.35		0				0.00912		109.649122807

		90mWsp		90		1.066		0.739		0		0.79762		0.01427		70.0770847933		55.4662807231		0.01332341

		90mWR1000		90		1.066		0.792		0				0.01396		71.6332378223

		90mWr1001		90		1.066		0.792		0				0.01258		79.4912559618

		130mWsp		130		1.066		0.913		0		0.9864		0.01595		62.6959247649		63.4278648608		0.0143943045

		130mWr1000		130		1.066		1.005		0				0.01842		54.2888165038

		130mWr1001		130		1.066		1.007		0				0.01755		56.9800569801

		180 mW R		180		1.066		1.97		0				0.02962		33.760972316

		180mWsp		180		1.066		1.673		0		1.81735		0.02206		45.3309156845		82.4864140045		0.0202821279

		Analog mode

				offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.1		135.3		304		15.84148		0		4875.90723		0.00258		387.5968992248		4.175769075		3.7936676371

		0.3		135.1		304		32.69105		0		10170.56055						4.5969483148		7.1114678176

		0.6		135		304		55.5483		0		17504.27539		0.13157		7.6005168351		4.9961992442		11.1181114454

		0.8		134.8		304		69.15349		0		22061.23242		0.51407		1.9452603731		4.6045990703		15.0183520745

		1		133.8		304		83.85015		0		26857.64844		0.05873		17.0270730461		5.1425051567		16.3053117973

		1.5		132.4		304		118.33611		0		38886.74219						4.8079394389		24.6126457089

		2		130		304		151.39276		0		50771.36328		0.10475		9.5465393795		4.8272831517		31.3618976231

		3		128		304		205.64207		0		72015.53906		0.39984		2.5010004002		4.4512741039		46.1984737851

		4		124		304		250.01012		0		89725.21875		0.14162		7.0611495551		4.5550511628		54.8863472807

		6		123		304		315.90604		0		118050.09375		0.3125		3.2		4.5331900213		69.6873589058

		7		123		304		335.0705		0		125918.16406		0.28757		3.4774141948		4.6669780289		71.7960311636

		8		123		304		359.57721		0		135902.875		0.13292		7.5233222991		4.8623146802		73.9518590736

		12		130		304		392.13757		0		149426.21875		0.11098		9.0106325464		5.089020753		77.0556044145

		Second series, x50 dilution

				offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.1		136.55		304		8.13789		0		2482.40405						7.8045291023		1.0427137747

		0.2		134.63		304		10.86644		0		3318.62939						7.7522575242		1.4017129805

		0.4		134.7		304		15.32044		0		4691.5166						6.8825904761		2.2259700113

		1		133.8		304		26.46287		0		8149.0835						6.7095587323		3.9440551989

		2		132.2		304		44.40241		0		13810.73828						6.3109424459		7.0357811659

		3		131.4		304		60.8187		0		19059.99609						6.4766961089		9.3903896335

		4		133.2		304		75.40463		0		23791.79102						6.5446204094		11.5216200915

		5		128		304		91.58187		0		29079.67383						6.7705344697		13.5265347825

		6		128		304		100.27924		0		31945.09375						6.8866545596		14.5613866838

		8		128.5		304		114.33116		0		36657.80078						6.8757144097		16.6282589978

		10		125		304		127.07728		0		40910.75						7.0850439167		17.9359904461

		12		124.5		304		136.91312		0		44317.99219						6.9519272498		19.6942682338

		Photon counting Olympus 20x

		Power				S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.1				3.18		0.15574		0		0.49788		0.048716453		20.5269460157		9.2336483935		0.0168665725

		0.3				3.18		0.29089		0		0.95863		0.0882686668		11.3290484123		2.5183778505		0.1155068926

		0.6				3.18		0.50363		0		1.70891		0.1484239526		6.737457009		2.3624029903		0.2131854735

		1				3.18		0.76572		0		2.69468		0.2175869188		4.595864519		2.2577928117		0.3391453795

		2				3.18		1.32544		0		5.05486						2.0915156917		0.6337222356

		4				3.18		2.24141		0		9.24153		0.5436241389		1.839506248		2.3766718639		0.9430876993

		8				3.18		3.00671		0		13.37397		0.6759627115		1.4793715438		2.3711453269		1.2680412145

		16				3.18		3.73625		0		15.86927		0.8796601269		1.1368026916		3.5003965809		1.0673790565

		Laser				Intensity		variance

		1		10nm		167.132		15751.89063

		4		10nm		255.9		48896.76953

		8		10nm		266.884		80153.94531

				concentration

				10		129.173		3187.854

				20		164.775		15758.63672

				50		252		41870.48047

				100		292.808		68907.82031

		Chroma slide

																		G(0)		PCH(n)		epsilon

		Simulations		100 particles														4.261133		0.084		2.191392

		B		k0		I		variance		N		B		n		e		n(using k0)		e(using k0)

		100000		0		0.185		0.32203		0.1062789181		1.7407027027		0.2497628257		0.7407027027		0.2497628257		0.7407027027

		200000		0		0.354		0.89272		0.1403754817		2.5218079096		0.2326180576		1.5218079096		0.2326180576		1.5218079096

		400000		0		0.729		3.04289		0.1746500859		4.1740603567		0.2296742715		3.1740603567		0.2296742715		3.1740603567

		Simulations		200 particles

		B				I		variance

		100000		0		0.357		0.6322		0.2015960139		1.7708683473		0.4631140988		0.7708683473		0.4631140988		0.7708683473

		200000		0		0.732		1.88469		0.2843035194		2.5747131148		0.4648465763		1.5747131148		0.4648465763		1.5747131148

		400000		0		1.474		5.99553		0.3623826417		4.0675237449		0.4805178778		3.0675237449		0.4805178778		3.0675237449

		Simulations		400 particles

		B				I		variance

		100000		0		0.727		1.27998		0.4129197331		1.7606327373		0.955783211		0.7606327373		0.955783211		0.7606327373

		200000		0		1.432		3.672		0.5584488017		2.5642458101		0.9154571429		1.5642458101		0.9154571429		1.5642458101

		400000		0		2.938		12.06		0.7157416252		4.1048332199		0.9462666082		3.1048332199		0.9462666082		3.1048332199

		Simulation 100 particles with background																						G(0)= 1.224058				N(pch)=    0.326196				e(pch)=    0.960672

		B		k0		I		variance

		100000		0.14		0.317		0.44518		0.2257266724		1.4043533123		0.7839678577		0.4043533123		0.2444141052		0.724180791

		200000		0.14		0.556		1.16696		0.2649071091		2.0988489209		0.5059840251		1.0988489209		0.2832525861		1.4686538462

		400000		0.14		0.957		3.39796		0.2695290704		3.5506374086		0.375200331		2.5506374086		0.2734534773		2.9877111383

		Analog series Enrico V=700 offset=+2%

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		1		87.65		59		8.51907		0		516.35541		0.160286		6.2388480591		5.2857300554		1.6117111375

		2		88		59		13.88054		0		853.64581						5.5534002525		2.4994668795

		4		87		59		22.13936		0		1402.06592						5.1140697145		4.3291079778

		8		90.3		59		31.57668		0		2055.5957						5.1777459572		6.0985379084

		FLIMbox series enrico

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		1		0		1		0.06304		0		0.06327		0.160286		6.2388480591		17.2784417391		0.0036484772

		2		0		1		0.0986		0		0.09979						8.1697142857		0.0120689655

		4		0		1		0.14437		0		0.14768						6.296887281		0.0229272009

		8		0		1		0.18818		0		0.19539						4.9114719001		0.0383143798

		Using smoothing 4 times

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.2		0		1.005		0.02567		0		0.02608		0.160286		6.2388480591		2.3396019883		0.0109719517

		0.5		0		1.005		0.0403		0.001		0.04106						2.7654252462		0.0142111959

		1		0		1.005		0.06302		0.001		0.06448						3.3596649489		0.0184601741

		2		0		1.005		0.09858		0.001		0.10169						3.6383234878		0.0268200451

		4		0		1.005		0.14431		0.001		0.15047						3.7763988085		0.0379488521

		8		0		1.005		0.1892		0.001		0.19821						4.3922668651		0.042848034

		Data from Roshin: Gap2a

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		1		202		53.5		200.8177		20		11160.95117						78.3669940666		2.3073195821		4.1299557689

		5		202		53.5		550.48737		20		34506.15625						55.670086506		9.5291278188

		Simulation of analog

						I		i0		sigma		n		epsilon		sigma0		truen		True e

		50000				0.283		2		20.6		0.0059		47.89		10		0.5051942425		4.5190538765

		100000				0.99		2		41		0.061		16.26		10		0.2883903226		10.3678929766

		200000				2.43		2		84.53		0.248		9.78		10		0.2633154434		16.8239277652

		400000				5.36		2		187.57		0.539		9.95		10		0.3050605395		24.1263586957

		500000				6.8		2		245		0.62		10.96		10		0.3295319149		26.7045454545

		1000000				14.16		2		608.7		0.79		18		10		0.4361877401		37.0482673267

		2000000				29.75		2		1721		0.9		32.84		10		0.5891656926		53.8897637795

		5000000				72		2		7633		0.9		80		10		0.7183523547		103.0135135135

		Simulation of analog								not using sigma0								using sigma0

				s_factor		I		i0		sigma		n		epsilon		sigma0		truen		True e

		20000		35.7		0.894		0.05		71.317		0.0179		49.72		38.5		0.9888326676		0.9546610169

		50000		35.7		2.94		1.1		162.73		0.1168		25.21		38.5		0.8469074305		4.7702970297

		100000		35.7		6.37		1		327.52		0.298		21.38		38.5		0.8816104267		8.3597014925

		200000		35.7		13.21		1		740.65		0.507		26.03		38.5		0.8758250814		16.2247009148

		500000		35.7		34.78		1		2639.55		0.7579		45.89		38.5		0.9417424106		37.9934041364

		1000000		35.7		70		1		7913.2		0.843		83.03		38.5		0.9377383411		75.714084507

		2000000		35.7		140.2		1		25911.5		0.9057		154.8		38.5		0.9554137319		147.7893767705

		5000000		35.7		351.25		1		141824		0.939		373.7		38.5		0.9600311229		366.9151880766

																0

		EGFP in MEF cells, M3

						i				variance

		9				0.487				0.514

		14				2.52				2.69

		40				26.47				32.53

		58				39.61				56.75

														n		e

		8		1.053		0.20717				0.21875				71.5335403923		0.002896124

		16		1.053		0.94594				1.0047				103.7430504175		0.0091181047

		30		1.053		3.92986				4.26871				118.2821841743		0.0332244457

		60		1.053		14.73611				18.10367				83.9547889965		0.1755243528

		9		1.053		0.48747				0.51591				91.2514547884		0.0053420518

		14		1.053		2.5248				2.72056				102.9066639116		0.0245348542

		40		1.053		26.47178				32.83311				141.3289857142		0.187306092

		58		1.053		39.60583				66.87136				62.3299502685		0.6354221338

		EGFPMEF																n		e

		power		S		I		sigma0=39		variance

		0.5		59		24.59419		39		2428.45215				0.6188636313		39.7408875836

				59

		1		59		174.57349		39		11177.7207								36.32906		4.80534

				59

				59

				59

		2		59		235.65776		39		21200.25				7.611186196		30.962027985		7.65209		30.79653

		Paxillin

		0.5		59		41.68381		39		2526.6748				61.33178		0.67964
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n (from NB) vs N from G(0)
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		Analysis of S_factor, nominal vs recovered

		nominal				recovered

		10				20

		20				38.5

		30				54

		40				70

		50				97

		60				121

		70				129

		70				133

		80				165

		10		33.1

		20		66

		40		131

		80		258

		more analysis of the S factor after correcting for bugs

		80		160		86.1

		60		119		61.4

		50		98.5		52.2

		40		78.9		41.9

		30		60		30.2

		0		0		0





		





		





		





		





		







Identification of Mobile and Immobile Molecules

If we change the laser power, a plot of the ratio variance/intensity vs intensity 
can distinguish the mobile from immobile fraction. The two curves are for 
different pixel integration times.
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The Effect of the Immobile Part
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What are the parameters for 
analog systems? 



Detector Noise in Analog Systems

Additional considerations with analog detection systems:
• Digital levels are recorded (instead of photon counts).
• An offset is typically present.
• Additional detector variance at low currents.

offsetdnk +>=< ε

2
0

2 σεσ += nSd

S = digital levels per photon

doffset = analog offset

= variance of analog detector2
0σ

SB
BNn

−
><

= SB −=ε

If we fix the PMT settings (voltage and gain), then S and σ0
2 

should not change and need only be determined once.
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ε  vs laser
y = 7E-05x + 1.1489
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Solution Experiments: Using Analog Detectors
Recovery of n and ε in the Analog System

In the analog system, the recovery of relative values is good, for absolute values 
the calibration is more problematic. The best obtained so far is within a factor of 
two.
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		2-photon system First series

				S_factor		I		variance		k0		G(0)		N(from G(0)		n((k0)		e(k0)

		96 mW 1000		1.066		0.15743		0.16882		0		0.04579		21.8388294387		24.7936264781		0.0063496157

		96 mW r1000		1.066		0.16597		0.17884		0		0.05287		18.9143181388		14.3769981419		0.0115441345

		96 mW r1001		1.066		0.1566		0.16882		0		0.05409		18.4877056757		13.0139885375		0.0120332056

		88 mW 1000		1.066		0.1681		0.18322		0		0.10851		9.2157404847		7.0198266011		0.0239464604

		88mW r1000		1.066		0.19496		0.21325		0		0.12529		7.9814829595		7.0093905552		0.0278141157

		80mW 1000		1.066		0.14546		0.15805		0		0.11044		9.0546903296		7.0773108468		0.0205530043

		80mw 1001		1.066		0.144685		0.15734		0		0.1046		9.5602294455		6.7402333142		0.0214658741

		80mW R1000		1.066		0.14546		0.15805		0		0.1996		5.0100200401		7.0773108468		0.0205530043

		60 mW R1000		1.066		0.12076		0.13066		0		0.1801		5.5524708495		7.5565733947		0.0159807883

		60 mW R1001		1.066		0.12076		0.13063		0		0.1802		5.5493895671		7.6758977598		0.0157323617

		60 mW 1002		1.066		0.11318		0.12196		0		0.1184		8.4459459459		9.7775107624		0.0115755434

		New series										variance

						S		I		K0				G(0)				n		e

		30 mW sp		30		1.066		0.033		0		0.03567		0.06607		15.1354623884		2.2134146341		0.0149090909

		30mW r		30		1.066		0.03356		0		0.03582		0.12013		8.3243153251		25.0060746004		0.0013420739

		50 mW sp		50		1.066		0.067		0		0.07163		0.059992		16.6688891852		21.5817307692		0.0031044776

		50 mW R		50		1.066		0.067		0		0.07187		0.07043		14.1984949595		10.0200892857		0.0066865672

		90 mW sp		90		1.066		0.145		0		0.15677		0.063524		15.7420817329		9.5568181818		0.0151724138

		90 mW R		90		1.066		0.15		0		0.16166		0.07014		14.2571998859		12.7840909091		0.0117333333

		130 mW sp		130		1.066		0.249		0		0.2681		0.061785		16.1851582099		23.2561890473		0.0107068273

		130 mW R		130		1.066		0.27447		0		0.29663		0.06798		14.710208885		18.624018141		0.0147374212

		180 mW sp		180		1.066		0.346		0		0.37603		0.058663		17.046519953		16.6410897971		0.0207919075

		180 mW R		180		1.066		0.40175		0		0.43721		0.0667		14.9925037481		18.0449508078		0.0222638457

		230 mW sp		230		1.066		0.456		0		0.49599		0.047429		21.08414683		21.0163735597		0.0216973684

		230 mW R		230		1.066		0.531		0		0.58414		0.05844		17.1115674196		15.5831214767		0.0340753296

						S		I		K0				G(0)		1/G(0)		n		e

		x4										variance

		22mWsp		22		1.066		0.098		0		0.10489		0.0021		476.1904761905		22.7582938389		0.0043061224

		22mWR		22		1.066		0.097		0				0.00477		209.64360587

		30mWsp		30		1.066		0.172		0		0.1839		0.00489		204.4989775051		53.9854014599		0.0031860465

		30mWR		30		1.066		0.174		0				0.0029		344.8275862069

		52mWsp		52		1.066		0.342		0		0.36624		0.00722		138.5041551247		70.1223021583		0.004877193

		52mWR1000		52		1.066		0.35		0				0.00617		162.074554295

		52mWR1001		52		1.066		0.35		0				0.00912		109.649122807

		90mWsp		90		1.066		0.739		0		0.79762		0.01427		70.0770847933		55.4662807231		0.01332341

		90mWR1000		90		1.066		0.792		0				0.01396		71.6332378223

		90mWr1001		90		1.066		0.792		0				0.01258		79.4912559618

		130mWsp		130		1.066		0.913		0		0.9864		0.01595		62.6959247649		63.4278648608		0.0143943045

		130mWr1000		130		1.066		1.005		0				0.01842		54.2888165038

		130mWr1001		130		1.066		1.007		0				0.01755		56.9800569801

		180 mW R		180		1.066		1.97		0				0.02962		33.760972316

		180mWsp		180		1.066		1.673		0		1.81735		0.02206		45.3309156845		82.4864140045		0.0202821279

		Analog mode

				offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.1		135.3		304		15.84148		0		4875.90723		0.00258		387.5968992248		4.175769075		3.7936676371

		0.3		135.1		304		32.69105		0		10170.56055						4.5969483148		7.1114678176

		0.6		135		304		55.5483		0		17504.27539		0.13157		7.6005168351		4.9961992442		11.1181114454

		0.8		134.8		304		69.15349		0		22061.23242		0.51407		1.9452603731		4.6045990703		15.0183520745

		1		133.8		304		83.85015		0		26857.64844		0.05873		17.0270730461		5.1425051567		16.3053117973

		1.5		132.4		304		118.33611		0		38886.74219						4.8079394389		24.6126457089

		2		130		304		151.39276		0		50771.36328		0.10475		9.5465393795		4.8272831517		31.3618976231

		3		128		304		205.64207		0		72015.53906		0.39984		2.5010004002		4.4512741039		46.1984737851

		4		124		304		250.01012		0		89725.21875		0.14162		7.0611495551		4.5550511628		54.8863472807

		6		123		304		315.90604		0		118050.09375		0.3125		3.2		4.5331900213		69.6873589058

		7		123		304		335.0705		0		125918.16406		0.28757		3.4774141948		4.6669780289		71.7960311636

		8		123		304		359.57721		0		135902.875		0.13292		7.5233222991		4.8623146802		73.9518590736

		12		130		304		392.13757		0		149426.21875		0.11098		9.0106325464		5.089020753		77.0556044145

		Second series, x50 dilution

				offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.1		136.55		304		8.13789		0		2482.40405						7.8045291023		1.0427137747

		0.2		134.63		304		10.86644		0		3318.62939						7.7522575242		1.4017129805

		0.4		134.7		304		15.32044		0		4691.5166						6.8825904761		2.2259700113

		1		133.8		304		26.46287		0		8149.0835						6.7095587323		3.9440551989

		2		132.2		304		44.40241		0		13810.73828						6.3109424459		7.0357811659

		3		131.4		304		60.8187		0		19059.99609						6.4766961089		9.3903896335

		4		133.2		304		75.40463		0		23791.79102						6.5446204094		11.5216200915

		5		128		304		91.58187		0		29079.67383						6.7705344697		13.5265347825

		6		128		304		100.27924		0		31945.09375						6.8866545596		14.5613866838

		8		128.5		304		114.33116		0		36657.80078						6.8757144097		16.6282589978

		10		125		304		127.07728		0		40910.75						7.0850439167		17.9359904461

		12		124.5		304		136.91312		0		44317.99219						6.9519272498		19.6942682338

		Photon counting Olympus 20x

		Power				S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.1				3.18		0.15574		0		0.49788		0.048716453		20.5269460157		9.2336483935		0.0168665725

		0.3				3.18		0.29089		0		0.95863		0.0882686668		11.3290484123		2.5183778505		0.1155068926

		0.6				3.18		0.50363		0		1.70891		0.1484239526		6.737457009		2.3624029903		0.2131854735

		1				3.18		0.76572		0		2.69468		0.2175869188		4.595864519		2.2577928117		0.3391453795

		2				3.18		1.32544		0		5.05486						2.0915156917		0.6337222356

		4				3.18		2.24141		0		9.24153		0.5436241389		1.839506248		2.3766718639		0.9430876993

		8				3.18		3.00671		0		13.37397		0.6759627115		1.4793715438		2.3711453269		1.2680412145

		16				3.18		3.73625		0		15.86927		0.8796601269		1.1368026916		3.5003965809		1.0673790565

		Laser				Intensity		variance

		1		10nm		167.132		15751.89063

		4		10nm		255.9		48896.76953

		8		10nm		266.884		80153.94531

				concentration

				10		129.173		3187.854

				20		164.775		15758.63672

				50		252		41870.48047

				100		292.808		68907.82031

		Chroma slide

																		G(0)		PCH(n)		epsilon

		Simulations		100 particles														4.261133		0.084		2.191392

		B		k0		I		variance		N		B		n		e		n(using k0)		e(using k0)

		100000		0		0.185		0.32203		0.1062789181		1.7407027027		0.2497628257		0.7407027027		0.2497628257		0.7407027027

		200000		0		0.354		0.89272		0.1403754817		2.5218079096		0.2326180576		1.5218079096		0.2326180576		1.5218079096

		400000		0		0.729		3.04289		0.1746500859		4.1740603567		0.2296742715		3.1740603567		0.2296742715		3.1740603567

		Simulations		200 particles

		B				I		variance

		100000		0		0.357		0.6322		0.2015960139		1.7708683473		0.4631140988		0.7708683473		0.4631140988		0.7708683473

		200000		0		0.732		1.88469		0.2843035194		2.5747131148		0.4648465763		1.5747131148		0.4648465763		1.5747131148

		400000		0		1.474		5.99553		0.3623826417		4.0675237449		0.4805178778		3.0675237449		0.4805178778		3.0675237449

		Simulations		400 particles

		B				I		variance

		100000		0		0.727		1.27998		0.4129197331		1.7606327373		0.955783211		0.7606327373		0.955783211		0.7606327373

		200000		0		1.432		3.672		0.5584488017		2.5642458101		0.9154571429		1.5642458101		0.9154571429		1.5642458101

		400000		0		2.938		12.06		0.7157416252		4.1048332199		0.9462666082		3.1048332199		0.9462666082		3.1048332199

		Simulation 100 particles with background																						G(0)= 1.224058				N(pch)=    0.326196				e(pch)=    0.960672

		B		k0		I		variance

		100000		0.14		0.317		0.44518		0.2257266724		1.4043533123		0.7839678577		0.4043533123		0.2444141052		0.724180791

		200000		0.14		0.556		1.16696		0.2649071091		2.0988489209		0.5059840251		1.0988489209		0.2832525861		1.4686538462

		400000		0.14		0.957		3.39796		0.2695290704		3.5506374086		0.375200331		2.5506374086		0.2734534773		2.9877111383

		Analog series Enrico V=700 offset=+2%

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		1		87.65		59		8.51907		0		516.35541		0.160286		6.2388480591		5.2857300554		1.6117111375

		2		88		59		13.88054		0		853.64581						5.5534002525		2.4994668795

		4		87		59		22.13936		0		1402.06592						5.1140697145		4.3291079778

		8		90.3		59		31.57668		0		2055.5957						5.1777459572		6.0985379084

		FLIMbox series enrico

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		1		0		1		0.06304		0		0.06327		0.160286		6.2388480591		17.2784417391		0.0036484772

		2		0		1		0.0986		0		0.09979						8.1697142857		0.0120689655

		4		0		1		0.14437		0		0.14768						6.296887281		0.0229272009

		8		0		1		0.18818		0		0.19539						4.9114719001		0.0383143798

		Using smoothing 4 times

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.2		0		1.005		0.02567		0		0.02608		0.160286		6.2388480591		2.3396019883		0.0109719517

		0.5		0		1.005		0.0403		0.001		0.04106						2.7654252462		0.0142111959

		1		0		1.005		0.06302		0.001		0.06448						3.3596649489		0.0184601741

		2		0		1.005		0.09858		0.001		0.10169						3.6383234878		0.0268200451

		4		0		1.005		0.14431		0.001		0.15047						3.7763988085		0.0379488521

		8		0		1.005		0.1892		0.001		0.19821						4.3922668651		0.042848034

		Data from Roshin: Gap2a

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		1		202		53.5		200.8177		20		11160.95117						78.3669940666		2.3073195821		4.1299557689

		5		202		53.5		550.48737		20		34506.15625						55.670086506		9.5291278188

		Simulation of analog

						I		i0		sigma		n		epsilon		sigma0		truen		True e

		50000				0.283		2		20.6		0.0059		47.89		10		0.5051942425		4.5190538765

		100000				0.99		2		41		0.061		16.26		10		0.2883903226		10.3678929766

		200000				2.43		2		84.53		0.248		9.78		10		0.2633154434		16.8239277652

		400000				5.36		2		187.57		0.539		9.95		10		0.3050605395		24.1263586957

		500000				6.8		2		245		0.62		10.96		10		0.3295319149		26.7045454545

		1000000				14.16		2		608.7		0.79		18		10		0.4361877401		37.0482673267

		2000000				29.75		2		1721		0.9		32.84		10		0.5891656926		53.8897637795

		5000000				72		2		7633		0.9		80		10		0.7183523547		103.0135135135

		Simulation of analog								not using sigma0								using sigma0

				s_factor		I		i0		sigma		n		epsilon		sigma0		truen		True e

		20000		35.7		0.894		0.05		71.317		0.0179		49.72		38.5		0.9888326676		0.9546610169

		50000		35.7		2.94		1.1		162.73		0.1168		25.21		38.5		0.8469074305		4.7702970297

		100000		35.7		6.37		1		327.52		0.298		21.38		38.5		0.8816104267		8.3597014925

		200000		35.7		13.21		1		740.65		0.507		26.03		38.5		0.8758250814		16.2247009148

		500000		35.7		34.78		1		2639.55		0.7579		45.89		38.5		0.9417424106		37.9934041364

		1000000		35.7		70		1		7913.2		0.843		83.03		38.5		0.9377383411		75.714084507

		2000000		35.7		140.2		1		25911.5		0.9057		154.8		38.5		0.9554137319		147.7893767705

		5000000		35.7		351.25		1		141824		0.939		373.7		38.5		0.9600311229		366.9151880766

																0

		EGFP in MEF cells, M3

						i				variance

		9				0.487				0.514

		14				2.52				2.69

		40				26.47				32.53

		58				39.61				56.75

														n		e

		8		1.053		0.20717				0.21875				71.5335403923		0.002896124

		16		1.053		0.94594				1.0047				103.7430504175		0.0091181047

		30		1.053		3.92986				4.26871				118.2821841743		0.0332244457

		60		1.053		14.73611				18.10367				83.9547889965		0.1755243528

		9		1.053		0.48747				0.51591				91.2514547884		0.0053420518

		14		1.053		2.5248				2.72056				102.9066639116		0.0245348542

		40		1.053		26.47178				32.83311				141.3289857142		0.187306092

		58		1.053		39.60583				66.87136				62.3299502685		0.6354221338

		EGFPMEF																n		e

		power		S		I		sigma0=39		variance

		0.5		59		24.59419		39		2428.45215				0.6188636313		39.7408875836

				59

		1		59		174.57349		39		11177.7207								36.32906		4.80534

				59

				59

				59

		2		59		235.65776		39		21200.25				7.611186196		30.962027985		7.65209		30.79653

		Paxillin

		0.5		59		41.68381		39		2526.6748				61.33178		0.67964
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		Analysis of S_factor, nominal vs recovered

		nominal				recovered
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		more analysis of the S factor after correcting for bugs
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Sheet1

		2-photon system First series

				S_factor		I		variance		k0		G(0)		N(from G(0)		n((k0)		e(k0)

		96 mW 1000		1.066		0.15743		0.16882		0		0.04579		21.8388294387		24.7936264781		0.0063496157

		96 mW r1000		1.066		0.16597		0.17884		0		0.05287		18.9143181388		14.3769981419		0.0115441345

		96 mW r1001		1.066		0.1566		0.16882		0		0.05409		18.4877056757		13.0139885375		0.0120332056

		88 mW 1000		1.066		0.1681		0.18322		0		0.10851		9.2157404847		7.0198266011		0.0239464604

		88mW r1000		1.066		0.19496		0.21325		0		0.12529		7.9814829595		7.0093905552		0.0278141157

		80mW 1000		1.066		0.14546		0.15805		0		0.11044		9.0546903296		7.0773108468		0.0205530043

		80mw 1001		1.066		0.144685		0.15734		0		0.1046		9.5602294455		6.7402333142		0.0214658741

		80mW R1000		1.066		0.14546		0.15805		0		0.1996		5.0100200401		7.0773108468		0.0205530043

		60 mW R1000		1.066		0.12076		0.13066		0		0.1801		5.5524708495		7.5565733947		0.0159807883

		60 mW R1001		1.066		0.12076		0.13063		0		0.1802		5.5493895671		7.6758977598		0.0157323617

		60 mW 1002		1.066		0.11318		0.12196		0		0.1184		8.4459459459		9.7775107624		0.0115755434

		New series										variance

						S		I		K0				G(0)				n		e

		30 mW sp		30		1.066		0.033		0		0.03567		0.06607		15.1354623884		2.2134146341		0.0149090909

		30mW r		30		1.066		0.03356		0		0.03582		0.12013		8.3243153251		25.0060746004		0.0013420739

		50 mW sp		50		1.066		0.067		0		0.07163		0.059992		16.6688891852		21.5817307692		0.0031044776

		50 mW R		50		1.066		0.067		0		0.07187		0.07043		14.1984949595		10.0200892857		0.0066865672

		90 mW sp		90		1.066		0.145		0		0.15677		0.063524		15.7420817329		9.5568181818		0.0151724138

		90 mW R		90		1.066		0.15		0		0.16166		0.07014		14.2571998859		12.7840909091		0.0117333333

		130 mW sp		130		1.066		0.249		0		0.2681		0.061785		16.1851582099		23.2561890473		0.0107068273

		130 mW R		130		1.066		0.27447		0		0.29663		0.06798		14.710208885		18.624018141		0.0147374212

		180 mW sp		180		1.066		0.346		0		0.37603		0.058663		17.046519953		16.6410897971		0.0207919075

		180 mW R		180		1.066		0.40175		0		0.43721		0.0667		14.9925037481		18.0449508078		0.0222638457

		230 mW sp		230		1.066		0.456		0		0.49599		0.047429		21.08414683		21.0163735597		0.0216973684

		230 mW R		230		1.066		0.531		0		0.58414		0.05844		17.1115674196		15.5831214767		0.0340753296

						S		I		K0				G(0)		1/G(0)		n		e

		x4										variance

		22mWsp		22		1.066		0.098		0		0.10489		0.0021		476.1904761905		22.7582938389		0.0043061224

		22mWR		22		1.066		0.097		0				0.00477		209.64360587

		30mWsp		30		1.066		0.172		0		0.1839		0.00489		204.4989775051		53.9854014599		0.0031860465

		30mWR		30		1.066		0.174		0				0.0029		344.8275862069

		52mWsp		52		1.066		0.342		0		0.36624		0.00722		138.5041551247		70.1223021583		0.004877193

		52mWR1000		52		1.066		0.35		0				0.00617		162.074554295

		52mWR1001		52		1.066		0.35		0				0.00912		109.649122807

		90mWsp		90		1.066		0.739		0		0.79762		0.01427		70.0770847933		55.4662807231		0.01332341

		90mWR1000		90		1.066		0.792		0				0.01396		71.6332378223

		90mWr1001		90		1.066		0.792		0				0.01258		79.4912559618

		130mWsp		130		1.066		0.913		0		0.9864		0.01595		62.6959247649		63.4278648608		0.0143943045

		130mWr1000		130		1.066		1.005		0				0.01842		54.2888165038

		130mWr1001		130		1.066		1.007		0				0.01755		56.9800569801

		180 mW R		180		1.066		1.97		0				0.02962		33.760972316

		180mWsp		180		1.066		1.673		0		1.81735		0.02206		45.3309156845		82.4864140045		0.0202821279

		Analog mode

				offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.1		135.3		304		15.84148		0		4875.90723		0.00258		387.5968992248		4.175769075		3.7936676371

		0.3		135.1		304		32.69105		0		10170.56055						4.5969483148		7.1114678176

		0.6		135		304		55.5483		0		17504.27539		0.13157		7.6005168351		4.9961992442		11.1181114454

		0.8		134.8		304		69.15349		0		22061.23242		0.51407		1.9452603731		4.6045990703		15.0183520745

		1		133.8		304		83.85015		0		26857.64844		0.05873		17.0270730461		5.1425051567		16.3053117973

		1.5		132.4		304		118.33611		0		38886.74219						4.8079394389		24.6126457089

		2		130		304		151.39276		0		50771.36328		0.10475		9.5465393795		4.8272831517		31.3618976231

		3		128		304		205.64207		0		72015.53906		0.39984		2.5010004002		4.4512741039		46.1984737851

		4		124		304		250.01012		0		89725.21875		0.14162		7.0611495551		4.5550511628		54.8863472807

		6		123		304		315.90604		0		118050.09375		0.3125		3.2		4.5331900213		69.6873589058

		7		123		304		335.0705		0		125918.16406		0.28757		3.4774141948		4.6669780289		71.7960311636

		8		123		304		359.57721		0		135902.875		0.13292		7.5233222991		4.8623146802		73.9518590736

		12		130		304		392.13757		0		149426.21875		0.11098		9.0106325464		5.089020753		77.0556044145

		Second series, x50 dilution

				offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.1		136.55		304		8.13789		0		2482.40405						7.8045291023		1.0427137747

		0.2		134.63		304		10.86644		0		3318.62939						7.7522575242		1.4017129805

		0.4		134.7		304		15.32044		0		4691.5166						6.8825904761		2.2259700113

		1		133.8		304		26.46287		0		8149.0835						6.7095587323		3.9440551989

		2		132.2		304		44.40241		0		13810.73828						6.3109424459		7.0357811659

		3		131.4		304		60.8187		0		19059.99609						6.4766961089		9.3903896335

		4		133.2		304		75.40463		0		23791.79102						6.5446204094		11.5216200915

		5		128		304		91.58187		0		29079.67383						6.7705344697		13.5265347825

		6		128		304		100.27924		0		31945.09375						6.8866545596		14.5613866838

		8		128.5		304		114.33116		0		36657.80078						6.8757144097		16.6282589978

		10		125		304		127.07728		0		40910.75						7.0850439167		17.9359904461

		12		124.5		304		136.91312		0		44317.99219						6.9519272498		19.6942682338

		Photon counting Olympus 20x

		Power				S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.1				3.18		0.15574		0		0.49788		0.048716453		20.5269460157		9.2336483935		0.0168665725

		0.3				3.18		0.29089		0		0.95863		0.0882686668		11.3290484123		2.5183778505		0.1155068926

		0.6				3.18		0.50363		0		1.70891		0.1484239526		6.737457009		2.3624029903		0.2131854735

		1				3.18		0.76572		0		2.69468		0.2175869188		4.595864519		2.2577928117		0.3391453795

		2				3.18		1.32544		0		5.05486						2.0915156917		0.6337222356

		4				3.18		2.24141		0		9.24153		0.5436241389		1.839506248		2.3766718639		0.9430876993

		8				3.18		3.00671		0		13.37397		0.6759627115		1.4793715438		2.3711453269		1.2680412145

		16				3.18		3.73625		0		15.86927		0.8796601269		1.1368026916		3.5003965809		1.0673790565

		Laser				Intensity		variance

		1		10nm		167.132		15751.89063

		4		10nm		255.9		48896.76953

		8		10nm		266.884		80153.94531

				concentration

				10		129.173		3187.854

				20		164.775		15758.63672

				50		252		41870.48047

				100		292.808		68907.82031

		Chroma slide

																		G(0)		PCH(n)		epsilon

		Simulations		100 particles														4.261133		0.084		2.191392

		B		k0		I		variance		N		B		n		e		n(using k0)		e(using k0)

		100000		0		0.185		0.32203		0.1062789181		1.7407027027		0.2497628257		0.7407027027		0.2497628257		0.7407027027

		200000		0		0.354		0.89272		0.1403754817		2.5218079096		0.2326180576		1.5218079096		0.2326180576		1.5218079096

		400000		0		0.729		3.04289		0.1746500859		4.1740603567		0.2296742715		3.1740603567		0.2296742715		3.1740603567

		Simulations		200 particles

		B				I		variance

		100000		0		0.357		0.6322		0.2015960139		1.7708683473		0.4631140988		0.7708683473		0.4631140988		0.7708683473

		200000		0		0.732		1.88469		0.2843035194		2.5747131148		0.4648465763		1.5747131148		0.4648465763		1.5747131148

		400000		0		1.474		5.99553		0.3623826417		4.0675237449		0.4805178778		3.0675237449		0.4805178778		3.0675237449

		Simulations		400 particles

		B				I		variance

		100000		0		0.727		1.27998		0.4129197331		1.7606327373		0.955783211		0.7606327373		0.955783211		0.7606327373

		200000		0		1.432		3.672		0.5584488017		2.5642458101		0.9154571429		1.5642458101		0.9154571429		1.5642458101

		400000		0		2.938		12.06		0.7157416252		4.1048332199		0.9462666082		3.1048332199		0.9462666082		3.1048332199

		Simulation 100 particles with background																						G(0)= 1.224058				N(pch)=    0.326196				e(pch)=    0.960672

		B		k0		I		variance

		100000		0.14		0.317		0.44518		0.2257266724		1.4043533123		0.7839678577		0.4043533123		0.2444141052		0.724180791

		200000		0.14		0.556		1.16696		0.2649071091		2.0988489209		0.5059840251		1.0988489209		0.2832525861		1.4686538462

		400000		0.14		0.957		3.39796		0.2695290704		3.5506374086		0.375200331		2.5506374086		0.2734534773		2.9877111383

		Analog series Enrico V=700 offset=+2%

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		1		87.65		59		8.51907		0		516.35541		0.160286		6.2388480591		5.2857300554		1.6117111375

		2		88		59		13.88054		0		853.64581						5.5534002525		2.4994668795

		4		87		59		22.13936		0		1402.06592						5.1140697145		4.3291079778

		8		90.3		59		31.57668		0		2055.5957						5.1777459572		6.0985379084

		FLIMbox series enrico

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		1		0		1		0.06304		0		0.06327		0.160286		6.2388480591		17.2784417391		0.0036484772

		2		0		1		0.0986		0		0.09979						8.1697142857		0.0120689655

		4		0		1		0.14437		0		0.14768						6.296887281		0.0229272009

		8		0		1		0.18818		0		0.19539						4.9114719001		0.0383143798

		Using smoothing 4 times

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		0.2		0		1.005		0.02567		0		0.02608		0.160286		6.2388480591		2.3396019883		0.0109719517

		0.5		0		1.005		0.0403		0.001		0.04106						2.7654252462		0.0142111959

		1		0		1.005		0.06302		0.001		0.06448						3.3596649489		0.0184601741

		2		0		1.005		0.09858		0.001		0.10169						3.6383234878		0.0268200451

		4		0		1.005		0.14431		0.001		0.15047						3.7763988085		0.0379488521

		8		0		1.005		0.1892		0.001		0.19821						4.3922668651		0.042848034

		Data from Roshin: Gap2a

		Power		offset		S		I		K0		Variance		G(0)		1/G(0)		n		e

		1		202		53.5		200.8177		20		11160.95117						78.3669940666		2.3073195821		4.1299557689

		5		202		53.5		550.48737		20		34506.15625						55.670086506		9.5291278188

		Simulation of analog

						I		i0		sigma		n		epsilon		sigma0		truen		True e

		50000				0.283		2		20.6		0.0059		47.89		10		0.5051942425		4.5190538765

		100000				0.99		2		41		0.061		16.26		10		0.2883903226		10.3678929766

		200000				2.43		2		84.53		0.248		9.78		10		0.2633154434		16.8239277652

		400000				5.36		2		187.57		0.539		9.95		10		0.3050605395		24.1263586957

		500000				6.8		2		245		0.62		10.96		10		0.3295319149		26.7045454545

		1000000				14.16		2		608.7		0.79		18		10		0.4361877401		37.0482673267

		2000000				29.75		2		1721		0.9		32.84		10		0.5891656926		53.8897637795

		5000000				72		2		7633		0.9		80		10		0.7183523547		103.0135135135

		Simulation of analog								not using sigma0								using sigma0

				s_factor		I		i0		sigma		n		epsilon		sigma0		truen		True e

		20000		35.7		0.894		0.05		71.317		0.0179		49.72		38.5		0.9888326676		0.9546610169

		50000		35.7		2.94		1.1		162.73		0.1168		25.21		38.5		0.8469074305		4.7702970297

		100000		35.7		6.37		1		327.52		0.298		21.38		38.5		0.8816104267		8.3597014925

		200000		35.7		13.21		1		740.65		0.507		26.03		38.5		0.8758250814		16.2247009148

		500000		35.7		34.78		1		2639.55		0.7579		45.89		38.5		0.9417424106		37.9934041364

		1000000		35.7		70		1		7913.2		0.843		83.03		38.5		0.9377383411		75.714084507

		2000000		35.7		140.2		1		25911.5		0.9057		154.8		38.5		0.9554137319		147.7893767705

		5000000		35.7		351.25		1		141824		0.939		373.7		38.5		0.9600311229		366.9151880766

																0

		EGFP in MEF cells, M3

						i				variance

		9				0.487				0.514

		14				2.52				2.69

		40				26.47				32.53

		58				39.61				56.75

														n		e

		8		1.053		0.20717				0.21875				71.5335403923		0.002896124

		16		1.053		0.94594				1.0047				103.7430504175		0.0091181047

		30		1.053		3.92986				4.26871				118.2821841743		0.0332244457

		60		1.053		14.73611				18.10367				83.9547889965		0.1755243528

		9		1.053		0.48747				0.51591				91.2514547884		0.0053420518

		14		1.053		2.5248				2.72056				102.9066639116		0.0245348542

		40		1.053		26.47178				32.83311				141.3289857142		0.187306092

		58		1.053		39.60583				66.87136				62.3299502685		0.6354221338

		EGFPMEF																n		e

		power		S		I		sigma0=39		variance

		0.5		59		24.59419		39		2428.45215				0.6188636313		39.7408875836

				59

		1		59		174.57349		39		11177.7207								36.32906		4.80534

				59

				59

				59

		2		59		235.65776		39		21200.25				7.611186196		30.962027985		7.65209		30.79653

		Paxillin

		0.5		59		41.68381		39		2526.6748				61.33178		0.67964
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n (from NB) vs N from G(0)
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Intensity vs laser power
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		Analysis of S_factor, nominal vs recovered

		nominal				recovered

		10				20

		20				38.5

		30				54

		40				70

		50				97

		60				121

		70				129

		70				133

		80				165

		10		33.1

		20		66

		40		131

		80		258

		more analysis of the S factor after correcting for bugs

		80		160		86.1

		60		119		61.4

		50		98.5		52.2

		40		78.9		41.9

		30		60		30.2

		0		0		0
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Paxillin in Live Cells

• A critical event during migration is adhesion formation and disassembly. 

• Hypothesis: adhesions mature by increased associations.
 This leads to increases in aggregation and protein density. 

• Goal: Develop methods by which these features can be quantified at high 
spatial and temporal resolution in living cells.

• Question: Is the intensity in a given pixel of an image the 
result of many dim molecules or a few brighter aggregates? 

pixel pixel

Paxillin-mEGFP



Average intensity (0-3.184c/s) B map (1.01-1.3) (clustering) 

Calculated using 500 frames

Paxillin aggregation and dynamics



Selecting large aggregates
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Spatio-temporal dynamics and metabolic 
alterations of p53 upon DNA damage

Chene, P. 2003. Nat Rev Cancer 3:102-109

• Tumor cells that  
lack functional p53, 
do not go into cell-
cycle arrest nor 
commit apoptosis in 
response to 
oncogene activation 
or other 
carcinogenic 
stresses



How is p53 activated?
• Under unstressed conditions, p53 exists  at low 

concentrations in a monomeric state or in a dimeric 
state (or both). 

• The protein functions most efficiently as a tetramer 
because tetramers have a higher binding affinity for 
DNA. 

• Tetramerization-deficient p53 mutants exhibit much 
lower affinities for DNA than the wild-type protein 
(p53-WT).

• DNA damage activates p53 through post-
translational modifications:  phosphorylation  



Advanced Imaging technologies 
used to map p53 activity:

• Upon cell stress, how long does it take p53 to be activated?
– Using standard confocal imaging we can calculate this time but how do 

we know its’ activated?
• Can we provide real-time maps of p53 activation and concentration 

of protein expression?
– Using standard confocal techniques we can calculate the molecular 

brightness and concentration
• Number and Molecular Brightness

• At the binding region what are the overall time rates of p53 binding?
– Using Line scanning we can calculate the binding rates

• pCF analysis and Fluorescence Diffusing Tensor Imaging

• Can we predict if p53 will active the DNA response pathway or 
active cellular death?
– Using fast imaging (SPIM, LSM880) 
– The Phasor approach to FLIM



N&B: Treatment with Anisomyocin 
(protein synthesis inhibition) EGFP Control

Taken by Liz Hinde



N&B: Treatment with Anisomyocin 
(protein synthesis inhibition) revels dimers & tetramers 

Taken by Liz Hinde



N Concentration 
(µM)

Time=0 12 0.32

Time=30min 63 1.6 

Time=1hr 47 1.1 

Time=4.5hr 85 2.8

0 1280 42

Time= 30minTime= 0min Time= 1hr Time= 4.5hr

Red Pixels: tetramers (B=1.8)

Light Green Pixels: dimers (B=1.4)

Dark Green Pixels: monomers (B=1.2)

addition of 20µM Cisplatin 

Yellow Pixels: trimers (B=1.6)

N&B: p53-EGFP aggregation with cisplatin
reveals dimers and tetramers



Red Pixels: tetramers (B=1.8)

Light Green Pixels: dimers (B=1.4)

Dark Green Pixels: monomers (B=1.2)

Blue Pixels: trimers (B=1.6)

Time= 1hrTime= 0min Time= 2hr Time= 4.5hraddition of 20µM Cisplatin 



Fraction of monomer, dimers and 
tetramers
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Cross-RICS
and 

Cross-N&B

http://www.ncrr.nih.gov/
http://dbc.bio.uci.edu/about.html
http://www.cellmigration.org/consortium/


We have expanded the RICS methods to 
do Cross-Correlation RICS (ccRICS)



The ccRICS approach
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Experimental issues
• The volume of excitation and emission at the two excitation wavelengths must 

superimpose (we are using the Olympus FV1000 LSCM for these experiments)

• Bleedthrough of the green into the red channel must be small (<5%)

• FRET will strongly decrease the ccRICS signal

• High ratio of labeled to unlabeled molecules are needed (if you have only 10% labeled, in a 
complex of 1:1, you will only have 1% of the complexes labeled with both proteins)

Cells. MEF  transfected  Vinculin, FAK and paxillin.  cDNA were ligated to EGFP or mCherry at the C-
terminal end.  

Microscopy.  Olympus FV1000  with 60x 1.2NA water objective, 12.5 us/pixel, 256x256 pixels 12.5 μm 
square, 100 to 200 frames  collected for each sample.  1frame/s.

EGFP excitation at 488nm  (0.5%) and mCherry at 559nm (adjusted to a max of 1.5%).
Emission filters at  505-540nm and 575-675 nm, for the green and red channels, respectively.  

Overlap of the volume of observation was tested by imaging single 100 nm fluorescent beads carrying 
two colors simultaneously



Does paxillin bind to other proteins before and/or after 
assembly or disassembly of the focal adhesion?

Paxillin-mcherryFAK-mEGFP

FAK
and

Vinculin

http://student.biology.arizona.edu/honors2001/group08/intro/integrin-actin2.jpg



VIN (green)-PAX (red)

Pixels

140

133

126

119

 

0.003

0.002

0.001

0.000

Pixels

140

133

126

119

 

0.003

0.002

0.001

0.000

Pixels

140

133

126

119

 

0.006

0.004

0.002

0.000

Pixels

140

133

126

119

 

0.006

0.004

0.002

0.000

Pixels

140

133

126

119

 

0.006

0.004

0.002

0.000

Pixels

140

133

126

119

 

0.006

0.004

0.002

0.000

Pixels

140

133

126

119

 

0.010

0.005

0.000

Pixels

140

133

126

119

 

0.010

0.005

0.000

Pixels

140

133

126

119

 

0.010

0.005

0.000

Pixels

140

133

126

119

 

0.010

0.005

0.000

Pixels

140

133

126

119

 

0.003

0.002

0.001

0.000

Pixels

140

133

126

119

 

0.003

0.002

0.001

0.000

(d) (e) (f)

(g) (h) (i)

(b)(a) (c)

Channel green Channel red Cross-correlation

Vinculin and Paxillin co-localize at adhesions but they 
are moving independently in the cytoplasm

MAV=10s

MAV=40s

The cross-correlation increases for the slow fluctuations (at MAV=40s).  It is round in 
shape indicating that it is generated at single locations.

Vinculin Paxillin 



FAK (green)-PAX (red)

FAK and Paxillin co-localize at adhesions but they are 
moving independently in the cytoplasm

MAV=10s

MAV=40s

The cross-correlation increases for the slow fluctuations (at MAV=40s).  It is 
round in shape indicating that it is generated at single locations and it is very small.
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Distribution of fraction of cross-correlation in the 
cell.  Correlation with adhesion disassembling
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There is “more” cross-correlation at the locations of adhesion 
disassembling

ccRICS by scanning a region of interest across the image
Calculating the ratio Gcc/AV(G1,G2)

Digman, M.A. et al. Biophys J. 2009 Jan;96(2):707-16

Cell edge



Summary of ccRICS

• We developed a toolbox for biophysicists and cell biologists to 
address common questions regarding the formation of protein 
complex, their spatial distribution and their stoichiometry

• ccRICS is extremely powerful at detecting joint diffusing 
proteins and in separating diffusion from binding processes

• The Paxillin, vinculin and FAK never crosscorrelate in the 
cytoplasm before binding to the focal adhesion. We only detect 
cross correlation due to dissociation of large clusters of 
proteins. 



What is the stoichiometry of these 
clusters and is this stoichiometry crucial 

for the biological system?

Random 1:2



Cross N&B



The co-variance principle and the derivation of the 
ccN&B method
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How to do the Cross-B
1. Calibrate the Molecular Brightness of each respective channel for the 

monomers. (Calculate the “S” factor if you are using an analog detector

Monomer B=1.160
ε= (B-1)/pixel dwell time (sec)= 16,000   

Theoretical Dimers B= 1.32
Theoretical Trimers B= 1.48

2.   Plot all the possible Brightness of Ch1 and Ch2 on a B1 vs B2 plot:   

Assign these values to the Monomer    
Respective channel



How to do the Cross-B Cont’
3.   After selecting the B monomer values, calculate the Bcc plot As seen in 

CH1 and CH2 

CH.1 CH.2 In this case the 
histogram of the 
Bcc plot is 
perfectly 
symmetrical! 
There is no 
Cross-variance!



3.   If the plots are asymmetrical you can plot a histogram of the highest 
most probable  complex these molecules form by “probing” the pixels 
that deviate from the average histogram on non-coincident brightnesses
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To calibrate the system we need to know the brightness of the 
monomers

5 % correlated

5 % correlated
 intensity ratio 2:1
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1) calibrate the monomers 
in both channels The 
lack of symmetry is due 
to Poissonian rather 
than Gaussian 
distribution of counts

2) Add correlated 
molecules (still all 
monomers)

3) At 5% you can still 
distinguish the positive 
correlated fluctuations

4) Now we have 2:1 
stoichiometry. We have 
more brightness in B1 
but the same in B2



What to look for:

1) First we need to calibrate the 
monomers

2) We have to see if there is positive 
cross variance

3) We have to see where the cross 
variance occurs in respect to the 
brightness of Ch1 and Ch2



What is the stoichiometry of these 
clusters and is this stoichiometry  at 

Focal Adhesions?

Random 1:2



Vinculin-EGFP and Paxillin-mcherry
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We must find for each value of B1 in one pixel, what is the value of B2 in the same pixel
The fluctuations must be correlated,  so we only look at the positive cross-variance
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Digman, M.A., et al, PNAS 2009 

Monomers
ε=0.118c/d/s

Aggregates



Selecting different regions of the image for vin-pax shows different 
compositions where large clusters come off at different times 

Selection map
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Digman, M.A., et al, PNAS ,2009



Cross –correlations occur at specific pixels at the adhesions
FAK-EGFP and Paxillin-mcherry

Selection map Selection map
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FAK and Paxillin
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mutFAK-PAX cell shows no cross-correlation although the cell forms adhesion (endogenous 
FAK?)
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Physical motion

(-)     treadmilling     (+)

Focal Adhesion

Leading EdgeVicente-Manzanares, M., Webb, D. J., and Horwitz, A. R. (2005) J. Cell Sci. 118, 4917–4919 

Turner, C.E., (2000). Paxillin and focal adhesion signaling. Nature Cell Biol., 2 E231 6. 
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Scanning FCS



When we first applied FCS to cells, a series of problems 
arose:

• The cell could have moved, so that the volume of 
observation was not any more the chosen one

• The average intensity 𝐹𝐹(𝑡𝑡)  suddenly changed, perhaps 
due to the passage of a vesicle at the point of observation

• Bleaching of the immobile fraction occurred, causing a 
large deviation of the apparent correlation curve

Introduction to scanning FCS

𝐺𝐺 𝜏𝜏 =
𝛿𝛿𝛿𝛿(𝑡𝑡)𝛿𝛿𝛿𝛿(𝑡𝑡 +

𝐹𝐹(𝑡𝑡) 2effect on the correlation function

𝛿𝛿F t = F t − 𝐹𝐹(𝑡𝑡)



If we can move the point at which we acquire FCS data fast 
enough to other points and then return to the original point 

“before” the particle has left the volume of excitation, then we 
can “multiplex the time” and collect FCS data at several points 

simultaneously!

The principle of scanning FCS

Collect data here

move there
move there



The fastest way to scan several points and then return to the 
original point is to perform a circular orbit using the scanner 
galvo.

The x- and y-galvos are driven by 2 sine waves shifted by 90 
degrees, thereby obtaining a projected orbit on the sample.

One orbit could be performed in less than 1 ms using 
conventional galvo drivers and in microseconds using acousto-
optical beam deflectors.

Why circular scanning? Circular scanning is 
faster!



What is the maximum time required for an orbit so that we will 
not miss the “fastest” diffusion process in a cell?

EGFP diffuses in the cell with an apparent diffusion coefficient 
of approximately 20 µm2/s.  The transit across the laser beam 
(assuming a w0 of 0.35 µm) is about 1.5 ms! 
(formula used: time=wo

2/4D)

Therefore 0.5 to 1 ms per orbit should catch the GFP diffusing 
in a cell. Faster diffusing molecules will be partially missed.  

Instead, faster blinking and other fast intramolecular processes 
will not be missed!! (why?)

Timing in scanning FCS



Normalized autocorrelation curve of EGFP in solution (•), EGFP in the cell (• ), AK1-
EGFP in the cell(•), AK1b-EGFP in the cytoplasm of the cell(•). 

Autocorrelation of EGFP & Adenylate Kinase-
EGFP

Time (s)

EGFPsolution

EGFPcell

EGFP-AKβ in the cytosol

EGFP-AK in the cytosol



orbit

Diffusing particles

Light is collected along the orbit, 
generally at 64 or 128 points.  If the 
orbit period is 1 ms, the dwell time at 
each point is about 16 µs (64 points) or 
8 µs (128 points).

The separation between the points 
depends on the orbit radius:

For an orbit radius of 5 µm, the length 
of the orbit is about 32 µm.  At 64 points 
per orbit the average distance is about 
0.5 µm (0.25 µm at 128 points).

Why is the distance between points 
important?

Acquiring scanning-FCS data



If the orbit radius is larger than 5 µm, the points are separated 
by more than the width of the PSF 
(assuming 64 points per orbit: 2πR/64 ~ 500nm)

Setting the conditions of the 
instrument for no-overlap limits 
the capability of obtaining spatial 
correlations along the orbit

No overlap

overlap

Overlapping volumes in scanning FCS



Data processing in scanning FCS
The data stream is presented as a “carpet” 
in which the horizontal coordinate 
represents data along the orbit and the 
vertical coordinate represents data at 
successive orbits (hyperspace).
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How do we proceed to determine the diffusion of particles, the 
number of particles and their brightness??

• Select a column of the carpet.  It is a time sequence at a specific point of 
the orbit!

• Perform autocorrelation operation along a column
• What are we obtaining?
• What is the sampling time along one of these columns?  
• What is the dwell time along one of these columns?

Line plot
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Perform the autocorrelation operation
Correlation plot (log averaged)
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Every column should be equivalent for a homogeneous sample, so 
that we can calculate the ACF for every column and then fit all the 
columns either globally or individually.

ACF along each column:
the calculation takes few seconds
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Global correlation 
function:
the periodicity is due 
to the scanning 
period which is 1 ms

Clearly, we are sampling fast with respect to the relaxation due 
to diffusion.  (How can we see that this is the case?)

Global correlation function for a solution 
experiment
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Global correlation function for a solution 
experiment

D=10μm2/
s

R=5μm

We are not scanning fast 
enough!

No spatial correlations!
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What about the PCH analysis, can that be done?
Since we have a sequence, we can plot the histogram first 
globally and then individually for each column

PCH average
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Why scanning FCS in a homogeneous sample?

Is there any advantage to perform scanning FCS instead of 
single point FCS for a solution sample?

A major issue in FCS is that we need the volume of the PSF to 
calculate the diffusion coefficient.

In scanning FCS we know the distance between points along 
the orbit.  We can calculate the time for a molecule to diffuse 
between the two volumes.

What about cross-correlation between columns?



Scanning FCS in cells (some surprises!)
Example of scanning at an adhesion

64 points sampled 
along the orbit
Period of scanning is 1 
ms,
Radius of scanning is 2 
µm
Distance between 
pixels is about 0.2 µm

What are the questions?
• What is the apparent “diffusion” coefficient of 

paxillin ?
• Is the diffusion coefficient homogeneous?
• Is paxillin monomeric (i.e., what is the brightness)?
• What is the number of particles in the different parts 

of the adhesion?

The “real world”
What do we do with the 
changes in intensity?
There is some fast initial 
bleaching followed up by a 
slow increase in intensity.

Line plot
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Welcome to the real world!

Scanning a moving target:  GUV.  How to determine the 
diffusion in the membrane?

Data from Pierre Moens 

Detrend?
Centering?



Single point FCS depicts two-species
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What are these diffusion rates due to?

  1. Differences in cell viscosity

  2. Paxillin complexed to other 
proteins
 
  3. Large aggregates of paxillin
 

CHO-k1 cells expressing Paxillin-EGFP

Monomers

Aggregates?

Digman et al. Biophys. J. 94(7):2819-31(2008) 

Scanning FCS in cells: heterogeneity along 
adhesions



Data were sampled at 64kHz (1ms/orbit, 64 points per orbit).  
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FCS and Scanning FCS results:

• Paxillin moves differently at an adhesion with respect to the 
cytosol

• Adhesions are heterogeneous

• At the assembling side of the adhesion the fluctuation dynamics 
is faster and the number of molecules is larger than in stable 
cellular adhesions

 
Are the adhesions assembling and disassembling in synchrony?

Can we map out protein dynamics in a larger area?

We need a method where we can analyze the entire cell:
THE RICS APPROACH

Scanning FCS in cells: heterogeneity along 
adhesions



Described so far

• Circular versus line scanning

• Line scanning can be performed with any confocal 
microscope

• Line scanning is not as fast as circular scanning (few ms 
versus a fraction of a ms)

• For homogeneous samples, is there any advantage in 
performing scanning-FCS (either circular or line) with 
respect to single point FCS??

• Filtering operations on the data and integrity of the original 
statistics 



Observations

• Even in the “simplest” implementation, FCS in cells 
requires precautions in data analysis and interpretation

• The user must set up the instrument parameters (line 
period, dwell time, etc) for the particular experiment

• The software for data analysis must offer a series of tools 
to the user for data filtering, analysis and presentation. It is 
not enough to collect line scanning data!

• Maps of diffusion coefficients, number of particles and 
brightness can be obtained if we can deal with slowly 
varying fluctuations



This was an “introduction” to scanning FCS

We discussed the analysis of the carpet columns as individual 
time traces at separate points

We have not considered the correlation between adjacent 
columns or between distant columns

We need to develop new concepts and mathematical tools to 
account for these spatial correlations

As we understand the scanning experiment we discover a 
new world about fluctuation methods that was not possible to 
explore with single point FCS

What is next?



What is next?

Pair Correlation

Spatial Resolution RICS

STICS - iMSD
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Data were sampled at 64kHz (1ms/orbit, 64 points per orbit).  
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Heterogeneity along adhesions
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Red Pixels: tetramers (B=1.8)

Light Green Pixels: dimers (B=1.4)

Dark Green Pixels: monomers (B=1.2)

Yellow Pixels: trimers (B=1.6)

Line Scanning Reveals protein 
dynamic assembly at the chromatin 

structures as a function of time  

Line time: 1ms  after 4.5 hrs
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p53 cancer mutant R175H

Before Damage

1hr after Damage

4hr after Damage
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