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Gaussians
Gaussian or 'Normal' Distribution:

w

Gaussians are everywhere
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Gaussians
Gaussian or 'Normal' Distribution:
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Filtration -> Convolution

Continuous Real Space Convolution:

Discrete Real Space Convolution:

* =
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Convolution/Filtration
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Test Image
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Image Filtration  
Gaussian Lowpass

w=.125
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Image Filtration  
Sharp Lowpass

k<kc -> 1.0 
else  -> 0

kc=.125
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Image Filtration  
Sharp Lowpass

k<kc -> 1.0 
else  -> 0

kc=.125
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Image Filtration  
Butterworth Lowpass

kc=.15 
n=8
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Image Filtration  
Gaussian Highpass

w=.125
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Test Image
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Deconvolution
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Deconvolution
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Deconvolution
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Deconvolution
From Discrete valued image
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Noise

How do we characterize the noise ?
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White Noise
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Pink Noise
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Optimal Filtration

+ =

ax,y bx,y cx,y
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Optimal Filtration

where

Answer is a Wiener Filter:
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Wiener Filter

22 Ludtke_CTF.key - July 18, 2016



Wiener Filter
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Wiener Filter
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CTF & MTF
• CTF  - Contrast Transfer Function 

• Weak phase approximation - sin(gamma) 

• MTF - Modulation Transfer Function 

• Specimen motion 

• Detector issues 

• Envelope function of Optics
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Image Evaluation
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M(s)2=F(s)2C(s)2+N(s)2

SSNR(s)= M(s)2-N(s)2

N(s)2

Struc. Fac CTF & Env “noise”
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CTF Correction
Measured Image Ideal Particle Random Noise

EnvelopeCTF

MTF

Q : Amplitude Contrast
Cs : Spherical Aberration
ΔZ : Defocus
λ : Electron Wavelength
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CTF Demo
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What if we don't fix it ? 
(and we only want very low resolution)
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1.0 μm 1.2 μm 1.4 μm

1.6 μm 1.8 μm 2.0 μm
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Average no correction
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20 Å Lowpass Filter
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20 Å Lowpass Filter Avg
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Particle-based CTF and 
assessment
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View from 

Cytosol

Lumen

Cytosol

170 Å

231 Å

Serysheva et al. (2003)Q.-X. Jiang et al. (2003) C. Sato et al. (2004)
170 Å

Cryo-EM Maps of IP3R
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IP3R (2011)

~10 Å Resolution 
→ ~17 Å  
→ ~14 Å 

220 Å
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4.7 Å Resolution
39 Ludtke_CTF.key - July 18, 2016



IP3R (2015 - Filtered)
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IP3R (2011)

~10 Å Resolution 
→ ~17 Å  
→ ~14 Å 

220 Å
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2002 (bad) 2011 (good)
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M(s)2=F(s)2C(s)2+N(s)2
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Particles Rather than Regions
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Density Problems
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Image Evaluation
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JEOL 2010F, 2008
JEOL 2010F, 2008, by particle
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JEOL 1200, 2002
JEOL 1200, 2002, by particle
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‘distance’

Average Measured imageWeight

• Maximize SNR of T(s,θ) 
• Minimize RMSD between T and F
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SSNR of particle i SSNR sum of all particles i
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Zernike 
Phase 
Plate
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Demo

61 Ludtke_CTF.key - July 18, 2016



What are they Good for ?
• Small things 

• 2-5x low resolution contrast boost 

• Whole Cells 

• Can identify much more of the cytosol 

• Dynamics 

• Better per-particle contrast -> better classification
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Fab Labelled CCT
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40nm

Fab Labelled CCT
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