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From Sample to Structure
data collection

image processing reconstruction structural analysis annotation

imaging
cryo-em sample 
preparation

biochemical 
preparation



Image Contrast Theory

• Object is not too thick
The allowable thickness is resolution 

dependent
• Image is a true 2-D projection of the 3-

D object with the same focus 
throughout

• There is only elastically scattered 
electron in forming the image



Zhou and Chiu, Adv Prot Chem 2003

Depth of Field Dependence on Resolution and Sample Thickness



3D Object

Projection Image

Fourier 
Transform

Thuman-Commike & Chiu, Micron 2000



Single Particle Images  Equivalent data in 
Fourier space

Hong Zhou



Concept of Fourier Analysis & Synthesis





500 Å

400 kV image data of HSV-1 capsids

Joanita Jakana



Circularly Averaged Power 
Spectrum
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From Juan Chang and Joanita Jakana



Computed diffraction pattern

F2(s) CTF2(s)  Env2(s)  + N2(s)

Structure factor
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Envelope function Background







Spatial Frequency (1/Å)

X-ray Scattering Intensity of HSV-1 Capsids
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Dr. Hiro Tsuruta at SLAC



Resolution (Å)

X ray Scattering Intensity of GroEL



Computed diffraction pattern
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Contrast Transfer Function

CTF (s)  = - A [(1-Q2)1/2 sin(γ) + Q cos(γ)]

γ(s) = - 2π (Csλ3s4/4 - ∆Z λs2/2)

∆Z is vector dependent if there is an astigmatism









From F. Thon

Astigmatism



Astigmatism

∆Zeff (α) = ∆Zm + (∆Za sin 2α)/2

∆Zm = (∆Z1 + ∆Z2 )/2

∆Za = ∆Z1 - ∆Z2



Synthetic Power Spectrum ∆Z = 0.8µm

Astigmatism  
amplitude = 

0.0µm 

Astigmatism  
amplitude = 
0.0267µm 

Astigmatism  
amplitude = 

0.1µm 

From Wen Jiang



Astigmatism  
amplitude = 

0.0µm 

Astigmatism  
amplitude = 

0.1µm 

Astigmatism  
amplitude = 

0.375µm 

From Wen Jiang

Synthetic Power Spectrum ∆Z = 3 µm



Astigmatism in Single Particle Image

From Dr. Angel Paredes



Computed diffraction pattern
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EM Envelope Functions : Env(s)
Gaussian type source:

Gsc(s) = exp[−π2α2(CSλ
2s3 − ∆Zs)2]

Gaussian type fluctuation:

Gtc (s) = exp[ − π 2

16 ln 2 CC
2λ2 ( ∆E

E )2 s4 ]
Gaussian type fluctuation:

Gol (s) = exp[− π 2

4 ln2 CC
2λ2 ( ∆I

I )2 s4 ]

Glm(s) = JO(π∆fλs2)
Sinusoidal type fluctuation:

Gtm(s) = sin(πs∆r)
πs∆r

Drift:
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CTF curve at different illumination angle
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EM Envelope Functions : Env(s)
Gaussian type source:

Gsc(s) = exp[−π2α2(CSλ
2s3 − ∆Zs)2]

Gaussian type fluctuation:

Gtc (s) = exp[ − π 2

16 ln 2 CC
2λ2 ( ∆E

E )2 s4 ]
Gaussian type fluctuation:

Gol (s) = exp[− π 2

4 ln2 CC
2λ2 ( ∆I

I )2 s4 ]

Glm(s) = JO(π∆fλs2)
Sinusoidal type fluctuation:

Gtm(s) = sin(πs∆r)
πs∆r

Drift:



Gaussian Approximation for
Cumulative Envelope Function

Env2(s)  ~ exp (-2BS2)
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Computed diffraction pattern
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Noise Function

N2 (s) = n1exp (n2s + n3s2 + n4s ½)



From Dr. Z. Li



Contrast = (F2 CTF2 E2 ) / N2



200kV Image and Power Spectrum of CPV

1/8.6 A

1/8.6 A

500 A

Booth JSB 2004



JEOL 3000SFF electron cryomicroscope at NCMI 
equipped with liquid helium stage and field emission gun



4.6 Ǻ

156 particles, ∆Z = 0.60 µm
Joanita Jakana, MSA Proceeding, 2004 

300kV CPV Image Power Spectrum



Experimental B factor vs defocus for 300 
kV Images of CPV
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Number of particles

required for a 3-D reconstruction is 
inversely proportional to 

F 2(S) exp(-2BS2)
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Causes of High B-Factor

• Large angle of illumination (defocus 
dependent)

• Astigmatism (defocus independent)
• Local specimen movement (defocus 

independent)
• Insufficient sampling (defocus independent)



Synthetic Power Spectrum ∆Z = 0.8µm

Astigmatism  
amplitude = 

0.0µm 

Astigmatism  
amplitude = 
0.0267µm 

Astigmatism  
amplitude = 

0.1µm 

From Wen Jiang



∆Z=0.8 µm astigmatism = 0.0 µm, 0.0267 µm, 0.1µm
300kV, Cs=1.6mm



Sampling
• Sampling distance in real space :

∆x = ½ - 1/3 expected resolution

• Sampling distance in Fourier space
∆S = 1/(N ∆x)

• Choice of sampling (∆x) and box size (N) 
depends on expected resolution and the 
defocus used



From T Crowther



200 kV, Cs = 1.2mm, 2.8 A/pixel. 96x96 pixels box, ∆Z=5 µm

Effect of Particle Size on CTF Appearance



Cs = 1.2 mm  

200 kV, Cs = 1.2mm, 2.8 A/pixel. 96x96 pixels box, ∆Z=3 µm

Effect of Particle Size on CTF Appearance



200 kV, Cs = 1.2mm, 2.8 A/pixel. 192x192 pixels box, ∆Z=3 µm

Effect of Particle Size on CTF Appearance



200 kV, Cs = 1.2mm, 2.8 A/pixel. 288x288 pixels box, ∆Z=3 µm

Effect of Particle Size on CTF Appearance



Vertical error bar: ds = 1/(96*2.8) = 0.00372 Å-1



CCD Camera for Single Particle 
Imaging



JEM2010F with a Gatan 4k CCD



MTF of 4k CCD at 200 kV



S/N of 200 kV Carbon Film Image



9Å Map of CPV from CCD Images

Booth et al, JSB 2004



Secondary Structure 
Elements in CSP-A

Booth, JSB, 2004



3.61162950.72207,000
5.42364431.08138,000
6.77565541.35110,400
9.031007381.8182,800

10.841448862.1769,000
13.55225 1,1102.7155,200

2/5 Nyquist
(Å)

% CCD Frame 
Area wrt
82800 x 

Dimension of 
CCD Frame 
on Specimen 

(nm)

Å/pixEffective 
Microscope 

Magnification

Magnification To Use For Higher 
Resolution Structure Study

15 microns/pixel Gatan 4k CCD
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SIMULATION OF CTF

http://ncmi.bcm.tmc.edu/ncmi/software/software
_details?selected_software=counter_30













FFT of a convolution function is equivalent to the product 
of FFTs of the two functions











=

to detect ‘B’ 

Cross Correlation
C = F * G

F G C


