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Two ways to form an image

detector array

Full-field detection

single element detector

Scanning system



Scanning microscopes of Type 1
(non-confocal)

Köhler detection

Critical detection

Imaging by first lens
(objective lens)

Detector only 
measures intensity



Same as ‘single-pixel’ camera!

But single-pixel camera is not new!
• Logie Baird television (1928)
• Flying spot microscope 

(RC Webb, 1949; Young & Roberts, Nature, 1951)
• Scanning electron microscope (Oatley, 1948)
• Non-descanned detector in 2-photon microscope 

(even allows detection through a scattering medium!)



Scanning and conventional 
microscopes are equivalent

• Based on Principle of Reciprocity
• Holds even with loss or multiple scattering

(but not inelastic scattering, e.g. fluorescence)
• First shown for electron microscopes

Pogany & Turner, Acta Cryst. A24 103 (1968)
Cowley, App. Phys. Lett. 15 58 (1969)
Zeitler & Thomson, Optik 31 258 (1970)
Welford, J. Microscopy 96 105 (1972)
Barnett, Optik 38 585 (1973)
Engel, Optik 41 117 (1974)
Kermisch, J. Opt. Soc. Am. 67 1357 (1977)
Sheppard & Wilson, Optik 78, 39-43 (1986); 

J. Opt. Soc. Am. A 3, 755-756 (1986)
WARNING: Some papers say conventional is better, some say scanning is better!
In fact both are the same.
But not for fluoresence: scanning gives better resolution (Stokes shift)



Scanning vs. conventional microscope

Scanning
Equivalent

Conventional

Confocal

Conventional with image scanning

Scanning

or CCD detector



Confocal microscopy
• Advantages

Optical sectioning
– 3D imaging
– Surface profiling

Reduced scattered light
– Imaging through scattering media, e.g. tissue

Improved resolution (for small pinhole)
• Reflection

– Industrial applications, surface profiling
– Scattering media, tissue (non-invasive)

• Fluorescence
– Autofluorescence or labelled
– Fixed or living



Confocal reflectance (Oxford1974-89)

Endeavour, 10, 17-19 (and cover)(1986)

Stereo pair of a pollen grain

Rat brain (cerebellum)

J. Microsc. 165, 103-117 (1992)

Colour confocal reflection image of a leaf

Microtubules labeled 
with 15nm gold

Inst. Phys. Conf. Ser.
No. 98, 1989



Confocal Imaging (non-fluorescence)

    

 

(h1t ⊗ h2 )    

 

h1(x, y)t(x − xs , y− ys )

I (xd , yd ) = h1(x, y)t(x − xs , y − ys )h2 (xd − x, yd − y)dx dy∫∫
2

xd, yd

after sample
xs, ys are scan coordinates

• Pinhole: xd, yd = 0: I = h1(x, y)h2 (−x,−y)( )⊗ t(x, y)
2

• h2 even:
    

 

I = (h1h2 ) ⊗ t
2

• Same as coherent microscope, with heff = h1h2
• Transfer function is convolution of c1 with c2

h is amplitude PSF


[image: image1.wmf]



Images of two points

v0 = 1.92 (~2) corresponds to Rayleigh separation (blue curves)



3D Spatial Frequency cut-offs

Abbe limit
(large 
condenser, or 
Fluorescence)

Coherent
(holography)

Confocal fluorescence
or 
Structured illumination

Maximum 4/λ (4n/  in medium, e.g 6/  )

Maximum possible with
propagating waves,
sphere radius 4n/λ

no missing cone



Limitations of confocal microscopy
• Speed

– Illuminate only one spot at a time
– In fluorescence, speed limited by saturation of fluorophore
– Solution: illuminate by more than one spot

• Spinning disk
• Line illumination
• Structured illumination

• Signal level
– Increasing pinhole size reduces resolution, sectioning

• Resolution
– 4Pi microscopy
– STED
– Localization microscopy (PALM/STORM)
– Structured illumination/Image scanning microscopy

• Penetration
– Coherence gating
– Two/three photon excitation
– Focal modulation microscopy (FMM)



Main problem: Finite sized pinhole
• Need finite sized pinhole to get adequate signal
• Then resolution improvement is lost

CJR Sheppard and DM Shotton
Confocal Laser Scanning Microscopy, 
RMS, Bios, and Springer, 1997



Illumination and detection arrays

• Structured illumination (Lukosz, 1963; Gustafsson, 2000)
• Tandem scanning (spinning disc), Petrán (1968)
• Singular value decomposition (Bertero & Pike, 1982)
• ‘Type 3’: Maximum signal in detector plane (Reinholz, 1987)
• Pixel reassignment (Sheppard, 1988)
• Subtractive imaging (Wilson, 1984; Cogswell & Sheppard, 1990; + 

many others) 
• Source/detector arrays (Benedetti, 1996)

– Max image
– Min image gives crosstalk + background
– Max-Min, Similar to confocal
– Superconfocal Max+Min-2 Mean



• Programmable array microscope (Hanley 1999, Verveer 1998)
• Scanned array + Detector array. Conjugate image is confocal 
• Non-conjugate image is 
• Random array 

• Structured illumination + nonlinear (Heintzmann, 2002; Gustafsson)
• Structured detection, J Lu, Concello, Xie, Lichtmann (2009)

• SPIN Structured illumination pattern written by modulated beam. 
• Harmonics attenuated by the illumination OTF. Can get modulation pattern without DC 

offset 

• SPADE “patterned detection” Illumination constant, Detector switched on and 
off 

• Structured detection, RW Lu, Biomed Opt Exp (2013)
• Digital mask

Iconv − Iconf

Iconf

Iconv + Iconf

Illumination and detection arrays 
(II)



Scanning microscope with partially 
coherent source and detector

Image intensity:

Transmission cross coefficient (TCC): FS,D are FTs of source, detector:

Scanning (Type 1)
Confocal with finite pinhole



General microscope with source/detector arrays

•source and detector arrays (scanned)
•reduces to conventional, structured illumination (SIM), scanning, confocal, 

spinning disk, etc.
•partially coherent system (but can also analyze a fluorescence system)

source array

detector array

1D theory:

function of 2 variables



Fluorescence microscope with source/detector arrays

source array

detector arrayfunction of 2 (2D) variables

I(x2,xs ) = S∫∫ (x1 − Mxs )H1
x1 / M − x0

λd






T (x0 )H 2
x2 / M − x0

λd






D(x2 − Mxs )dx1 dx0.

H is intensity PSF T is intensity object

Corresponding equation for a 
fluorescence system
Again, applies for conventional, 
scanning, spinning disk microscopes



Fluorescence microscope with source/detector arrays

I(x1,x2 ) = H1∫ (x1 − x)H2 (x2 − x)T (x)dx

For point source

Signal at point x2 when illuminated at point x1



Scanning microscopes with detector array

DETECTOR ARRAY

• general case similar to ptychography
• quadrant detector for differential phase contrast (DPC)

Dekkers & de Lang, Differential phase contrast in a STEM, Optik 41, 452-456 (1974)
Stewart, On differential phase contrast with an extended illumination source, JOSA 66, 
813 (1981)
Ellis, US Patent (1981)
Hamilton & Sheppard, Differential phase contrast in scanning optical microscopy, J. 
Microsc. 133,  27-39 (1984)
Mehta & Sheppard, Quantitative phase-gradient imaging at high resolution with 
asymmetric illumination-based differential phase contrast (AI-DPC) Optics Letts. 34, 
1924 (2009)

phase from AI-DPC (illumination array)
(Mehta, thesis 2010)

Detector replaced by detector array

array in Fourier plane, 
not image plane



Offset pinhole

• Point spread function gets narrower
• Intensity decreases
• But increased side lobes
• And effective psf shifts sideways

PSF:



Gives the image of a shifted object point



Offset pinhole & reassignment

offset pinhole after reassignment

• Integrate without reassignment: same as conventional
• Integrate with reassignment (to centre of illumination and detection):

PSF sharpened and signal improved

conventional
given by envelope



Pixel reassignment

Optical transfer function

function of 2xs

product of rescaled OTFs
(not convolution of OTFs 
as for confocal)

high spatial 
frequencies 
enhanced

OTF1 x OTF2



Pixel reassignment

• Considers fluorescence and partially-coherent systems
• Concept that a detector element gives information about points of the 
object other than the illuminated point
• Introduces pixel reassignment and summation approach
• Explains why a confocal microscope can give superior resolution 
compared with a conventional one



Bertero & Pike (from 1982)

i.e. does not solve g(x,y) to give f(y)



Bertero & de Mol, 
Progress in Optics (1996)



Image scanning microscopy



Optical sectioning
But, for vdmax  ∞, no optical sectioning! 
Need to limit size of array 

v = 2.747

Locus of uImax (v)

(0.72 AU)

points on detector array 
> 0.72 AU, image 
regions away from the 
focal plane

magic number



Integration over finite detector array

Resolution and signal strength 
improve as size of array ( vdmax) 
increases

4(1−16 / 3π 2 ) = 1.84
Peak of point spread function for large 
array is

(4 elements gives ~1.4) 

• Peak is >1!
• Super-concentration
• Beats classical limit of étendue  

(0.72 AU)

(1 AU)

Ipeak = 1 for 
conventional

peak intensity goes above 1!

(magic number)

(1st zero of Airy disc)

confocal

half-width for conventional

array size



Unnormalized OTF for confocal and ISM

ISM with finite detector arrayconfocal with finite pinhole

goes negative!



Unnormalized OTF for confocal and ISM

Dashed curves: 
confocal with finite pinhole

Solid curves: 
ISM with finite detector array

Unnormalized transfer 
function proposed in:

Unnormalized takes 
account of signal level



Images of two points
v0 = 1.92 (~2) corresponds to Rayleigh separation (blue curves)

(f) Fluorescence ISM

(g) Reflection, maximum detection



Annular ring detector array
confocal ISMNormalized OTFs

A large array gives a narrower PSF 
than a small array, so why not miss out 
the central part

Dashed black line: conventional
Solid black line: ISM, large array

For confocal, a ring detector gives 
a lower cut-off frequency



Zeiss Airyscan



Doing it optically



Sampling considerations
• Need to sample image at Nyquist rate
• Bandwidth is doubled for pixel reassignment
• If sampling in the detector plane is equal to the sampling of 

the object illumination, the reconstructed image will exhibit 
double the sampling rate

• Sampling of the illumination can be at conventional Nyquist 
rate                            , rather than at confocal Nyquist rate
– Speed advantage over confocal

• This does not contradict information capacity, as multiple 
images are detected

• Redundancy, so can use compressive sensing

v = π / 2 = 1.57



General microscope with source/detector arrays

•source and detector arrays (scanned)
•partially coherent system (but can also analyze a fluorescence system)
•reduces to conventional, structured illumination (SIM), scanning, confocal, 
spinning disk, etc.

source array

detector array

1D theory:

function of 2 variables

I(x1, x2 ) = H1∫ (x1 − x)H2 (x2 − x)T (x)dx
Fluorescence (incoherent):



General Fluorescence case
I(x1, x2 ) = H1∫ (x1 − x)H2 (x2 − x)T (x)dx


I (m1,m2 ) = %H1(m1) %H2 (m2 ) %T (m1 + m2 )

m =
m1 + m2

2
, ′m =

m1 − m2

2



I (m, ′m ) = %H1 m +
′m

2






%H2 m −
′m

2






%T (2m)



H1 = δ m +
′m

2








H2 = δ m −
′m

2







d ′m → %H1∫ ⊗ %H2



′m = 0
%I (m, ′m ) = %H1 m( ) %H2 m( ) %T (2m)

2D (or really 4D) image

2D (or 4D) Fourier transform

Central and difference coordinates

Conventional:

Scanning:

Confocal:

Pixel reassignment:

m

m’

conventionalscanning
bandwidth

pixel reassignment



Works for any reassignment factor a
• Can use different reassignment factors a
• For a large array, OTF is

a = ½ is highest for all spatial frequencies



Effect of changing a

• Changing a changes the slope of a line 
through the origin
• a=0 is scanning, a=1 is conventional

with Stokes shift

C(m,m’)



With Stokes shift, large array

• scanning is better than conventional
• true confocal is better
• ISM for optimum a is even better
• ISM for a=1/2 is better than confocal for Stokes 

ratio<1.4
• a=1/2 is fine for Stokes ratio of 1.1

Stokes ratio = 1.1
Stokes ratio = 1.5

Normalized to scanning, 
no Stokes shift



Effect of array size and Stokes shift

• For Stokes ratio of 1.1, 
a=1/2 is OK

• As Stokes ratio increases, 
the improvement relative 

to conventional improves
• For small arrays, value of a

doesn’t matter 

1AU

Curves normalized by FWHM for 
conventional fluorescence microscope



60ο

double spot

Bessel beam, 1977-1980
ε = 0.9

•J0 beam is propagationally invariant (1978):

low contrast!

Confocal microscope with Bessel beam (1980):

Nonparaxial electromagnetic 
Bessel beam (1978):

Imaging with Bessel beam (1977)

First paper to use term “confocal microscope” (1977)

PSF confocal  
Bessel beam

OTF 
confocal,
Bessel beam



Bessel beam in confocal

• Normalized OTFs
• But confocal has very low signal level
• What about ISM with Bessel beam?



ISM with pupil filters

Bessel beam (annular filter) gives 
poor response at mid-frequencies
because

Parabolic amplitude filter is better



Optimum a varies with spatial frequency

a=1

a=0

a=1/2



Proposal of different types of scanning nonlinear 
microscopy based on the high intensity in the 
focused spot, including two-photon fluorescence 
and CARS (1978)

Appl. Opt. 17, 2879-2882 (1978)

Multiphoton microscopy

KD*P crystal, SHG images CW NdYAG laser 
1064nm   Demonstrates optical sectioning

First published scanning SHG images (1978)

3D SHG with fs pulses 
(1998)

Image formation (1990)

OTF
Rat tail tendon

Radial polarization (2007)



Two-photon fluorescence ISM



Two-photon fluorescence ISM

• Can alter reassignment factor a
• OTF is

• Resolution improved 
compared with two-photon 
fluorescence with a large 
single-element detector



Medusa

Mauro Buttafava & Alberto Tosi
DEIB, Politecnico di Milano,  
Via Ponzio 34, Milan, Italy

Marco Castello, Giorgio Tortarolo,
Giuseppe Vicidomini, Alberto Diaspro,
IIT, Genova, Italy



SPAD array
The first APD array designed for microscopy.

Uniformity:

Mauro Buttafava & Alberto Tosi
DEIB, Politecnico di Milano,  
Via Ponzio 34, Milan, Italy 

Marco Castello, Giorgio Tortarolo,
Giuseppe Vicidomini, Alberto Diaspro,
IIT, Genova, Italy



Biological sample: Tubuline

Confocal (open pinhole) ISM (pixel reassignment 5x5) ISM (deconvolution)

Mauro Buttafava & Alberto Tosi
DEIB, Politecnico di Milano,  
Via Ponzio 34, Milan, Italy 

Marco Castello, Giorgio Tortarolo,
Giuseppe Vicidomini, Alberto Diaspro,
IIT, Genova, Italy



Discussion
• Structured illumination can give improved resolution (x2) 
• Confocal microscopy gives improved resolution but 

spatial frequency response at high spatial frequencies is 
low (         in PSF)

• But signal is also low, so must open pinhole, giving 
almost no improvement in resolution  

• Pixel reassignment increases signal collection efficiency
• Also gives improved resolution, better than confocal
• And speed is increased
• ISM with 2 photon excitation improves resolution
• ISM with pupil filters can improve high frequency 

response

× 2



Single-pixel camera

256x256 pixels

32x32=1296 pixels
bicubic upsampled

1300 random 
measurements with 
compressive sensing

http://www.nontrivialzeros.net/Hype
_&_Spin/Misleading%20Results%2
0in%20Single%20Pixel%20Camera
-v1.02.pdf

Larkin

2041 citations
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