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Transfer Function of

CTF of perfect micrsocope —~
(this microscope does not exist)
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7 Interference gives contrast
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Scherzer Formula

2aW = & i
)/(u —T—E[CS)LU —ZAZ)\.Uz]

y(u): Wave aberation function

(phase shift of scattered vs. non-scattered wave)
sin(y(u)): phase contrast transfer function
CcoS(Y(u)): amplitfude contrast transfer function

u: scattering vector (xscattering angle)
W: wave aberation

A: electron wavelength

Az: defocus

Cs: spherical abberation constant
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Spherical Aberation

Plane of least
confusion
Disk
diameter =
0.5C,p3
Gaussian
image plane
Disk
diameter = 2C,f3

Energy-loss electrons

Limits resolution beyond ~ 2 A
Electrons further from the axis are
more strongly bent back towards
the axis.

Or:

Electron waves further from the
axis receive more phase shift.
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Ce

Limits resolution beyond
~ 0.5 A

No-loss electrons

Electrons of lower

Disc of least confusion energy are bent more

strongly than those of
zero-loss energy.

Gaussian image plane
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Lens aberrations

Cs-Spherical aberration Cc-Chromatic aberration

—fi.

Rays from the outer rim of the lens Different wavelengths are focussed
are focussed more tightly than the more tightly than others.
inner ones. Carsten Sachse, EMBL Talk, 2008
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CTF

CTF(u)={A*cos(y(u))-sq rt(l—Az) *sin(y(u)) } *E(u)

2aW 7w, .54
v (u) = > _2[(,5Au-2AzAu2]

sin(y(u)): phase contrast transfer function
cos(y(u)): amplitude contrast transfer function

u: scattering vector (xscattering angle)

A: Amplitude contrast fraction. (neg. stain: use 0.07)
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Envelope functions
E(u) = Es(u)* Ec(u): Eq(u) * Ev(u): Ep(u)
with
Es(u): angular spread of the source e i nglo
. I\O. 5 (SA(U‘
Es(u) = exp[—(—-)"(—5,

Ec(u): chromatlc aberratlon
E.(u) = erp[ (TAS)*u']

)] = exp[—( dnd 2 (C: X3 + Afau)?]

Eq(u): specimen drift
E.(u): specimen vibration
Ep(u) = MTFp(u): detector
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Modulation Transfer Function
(MTF) of photographic film
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Detector Quantum Efficiency (DQE)
o different detectors

D

A

0.4 0.6
Fraction of Nyquist

Spatial frequency dependence of the DOE for four different electron detectors in a
300 keV electron microscope: (A) current generation CCD detector, (B) Kodak SO-163
film, (C) backthinned CMOS detector, (D) a proposed detector. (R. Henderson, 2012)
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@ Excel File Edit View Insert Format Tools Data Window Help [ @ 7 «)) (=1 (Charged) == Fri 2:10 PM
86 ~ CTE-simul-simple.xls
< A ] K L M N o P Q
1

CTF Simulation © Henning Stahiberg, HStahlberg@ucdavis.edu, Oct 18, 2005

|Name Value | Unit_|modify the blue areas only
[rogh Voitage 200| kv
|Wavelength 2.5080/pm Jong and van Dyck, Utramncr, 40 (1993) §6-80
[Spher ical Aber ation Constant 2|mm aftherm. el. source) = 0.7 mrac

Size of Blectron Sow ce 0.223964724|mvad  Jaffielc emission source) = 0.1 mrad
Opening Angle of Source O lmrad JFEG is 105 to 107 times brighter
Detocus (underocus positive) 100]rm
Defocus generalized (Scherzer: Az==1) 2z~ 1.41155346
Defocus Scherzer (underfocus positive) 4z, 70.824|nm Rgimer, 0,219

[Crv omatic Aber ation Constant Cc en AE(therm. ¢l. source) = 1.0 .. 2.0 eV
Ener gy Spr ead of Blectr on Source AE 0.7]ev OE(ficld emission gun) = 0.2 .. 0.7 eV
Point resolution 1/ay 2.73947781 A
Apply Scattering Profile | 1=yes,0=no ]

Fracion of Amplituce Contrast % fraction | o.os! | 1.000

Theta increment increment | 0.00025

Aggitional PhaseShift from PhasePlate | aw 1 Dlde;

3.14E401
2836401
2.51E+01
2.20€401
1.88E401
1.57E401
1.26E401
9.42€400
6.27E+00
3.13E400 0.592 0.400
9.07€-03
3.15E+0D4 4
6.29E400
943E+00
1.26E401
1.57€401
1.89E401
2.20€401
2516401
2.83E401
3.14E401

Phaseshift [rad)

— Sphaer. Envel
= Chrom.Envel
= Scat. Profile
—— total Envelope
— CTF

ot d Kol 2t L
» Sheetl _ Sheet2  Sheet3 =)

CRL | OCAPS | @NUM
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@ Excel File Edit View

A

. CTF Simulation

Excel sheet available on

Insert

http://c-cina.org

Format Tools Data Window Help = @ 7= 4) (<0 (Charged) =

CTF-simul-simple.xls
D K L M N o

© Henning Stahlberg, HStahlber g@ucdavis.edu, Oct 18, 2005

5 |[Name

Value Unit | modify the blue areas only

200kv
Jong and van Deck, Uley 1993) §6-80

5 _|igh Voitage
7 [Wavelength

2.5080|pm

8 [Spherical Aber ation Constant

2| men

Size of Blectron Sowr ce

| 7.059767
70.824|nm

e

0.71ev

2.73947781 A

0.302 0.243

Phaseshift [rad)

— Sphaer. Envel

~— Chrom.Envel

Scat. Profile

—— total Envelope

— CTF

Sheetl

Sheets | Sheets I
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Contrast Transfer Function

CTF

Non-tilted [ B B B BN BN B X

sample

solution
(1/A)

4-2dx-2016-CTF-correction.key - 22 Aug 2016



gs = Zeros of the CTF

Defocus x, y: 17333.7 16628.7
Defocus: 16981.20 _
Astigmatism 705.03 ;
Astigmatic Angle: 360.00 E
Reload ) ¢ Accept )
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Thon

rings can reveal astigmatism

Sy

http://en.wikipedia.org/wiki/Astigmatism

Orlova, CTF talk 2004
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CTFFIND3 determines Defocus and Astigmatism

ov
0\0\' \

|
|
|
|
|
|

Fig. 3. Definitions for the CTF parameters DF), DF2, and aaq. The
angle ; of the scattering vector g = K’ — k (k, wave vector of the in-
cident wave; k', wave vector of the scattered wave) is used in Eq. (6), Mindell & Grigorieﬁ, JSB 2003
indicating the point where the CTF is evaluated.
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Real Space: Fourier Space:
Point Spread Function Contrast Transfer Function

Object(X) PSF = Image FT(Object) » CTF = FT(Image)

Object ®__ n
\A/W .
/ Image (1/A)

PSF

FT(PSF) ~ CTF

PSF ~ FT(CTF)
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What the FFT
can tell us

(After David deRosier, 2006)

Spot positions Unit cell size and shape

Spot size Size of coherent domains

Intensity relative to background Signal to noise ratio

Distance to farthest spot Resolution

Amplitude and Phase of spots Structure of molecules

Radius of Thon rings Amount of defocus

Ellipticity of Thon rings Amount of astigmatism

Assymetric intensity of Thon rings Amount of instability

Direction of assymetry Direction of instability
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Can we correct the CTF ?
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CTF correction: Phase flipping

NewImage = FT  { FT(Image)  sign(CTF) }

Resolution 1/q (nm]

Resohtion 1/q (nm)

“Invert the phase behind every second Thon ring”
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CTF correction: multiply by CTF

NewlImage = FT ¢ FT(Image) ® CTF }

Resoltion 1/q (nm]
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CTF correction: Wiener Filter

o MBaE
CTF2+ N°

NewImage = FT  { FT(Image) o

Resolution 1/ [

"Divide by the CTF (sort of..)"
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Methods of CTF Correction

* Phase flipping
« CTF multiplication

- Wiener filtering
(Béttcher et al. 1997, Penczek et al., 1997)

* CTF multiplication of 2D image, and Wiener filtration of 3D
volume
(Grigorieff 1998, Sachse et al. 2007)

* In 2dx currently most successful:
Phase flipping before unbending.
Amplitude correction is taken over by PCO.
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B-factor correction at high resolution

Resolution Bfactor

A1 T T T B 10000g— | — T T | — | — T3
o2l T 1000
E -3
[ 3
E 4.7/4.3 A -250 A2
=
[
© 06/ -
g FSC(0.5) = 1/4.7 A 100
3 . 9B
3 o4 E s
()] -
=
2 10
5 3
5 %2 FSC(0.143) = 1/43 A N F
w
o . 1 i 1 B N WAL |~ 1 L 1 N 1 . 1 N 1 . 1
& 0.1 0.2 03 0.4 0 0.01 0.02 0.03 0.04 0.05 0.06

Resolution (1/A) Resolution (1/A%)
I Rk T 1)
Lk

exp
Carsten Sachse, EMBL Talk, 2008
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Defocus varies on an image of a tilted sample

8000
7500
7000

6500

6000 |

5500 | S5

S4
5000 |
‘ S3
4500 | S2
4000 S1
1 2 3 4 5 6 7

Fig. 6. Position dependent PhCTF determination. This graph illustrates a typical nominal ‘0 tilt on our
CM200 cryo-EM/Gatan cryo-holder system. The system exhibits a systematic 6° tilt with respect to the
nominal tilt angles that, if not corrected for, causes a defocus spread of almost 3000 A. After our
diagnostic analysis, the holder is now systematically used at a nominal —6° tilt to compensate for this
effect. However, the defocus difference between front and back of the plot of ~ 600 A — perpendicular
to the tilt axis of the goniometer — is not correctable with the current set up. Moreover, due to a recent
repair of this particular holder, the nominal ‘0°’ tilt position requires recalibration.

van Heel et al., Quart. Rev. Biophys. 2000
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In 2dx, we apply CTFFIND3 in 7x7 locations
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In 2dx, we correct the CTF before any further
image processing by Phase flipping in stripes

On Stripes:
* CTF Phase Flipping, or

* CTF multiplication, or
* Wiener filter

Defecus

Lattice

Improved
FFT

corrected Amps&
Amps& Phases

* For movie-mode merging:
* Dose-dependent B-factors

Phases List
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(Almost) Non-Tilted 2D Crystal

1 Phase flipping before 2 CTF multiplication before 3  Wiener Filter before

Image: 2014-05-26_14-33-45_0020025100
Tilt axis: 29.2°

Tilt angle: -3.8°
Defocus: 9462.4, 10.179.7, 81.92°

uabeed 0 102 103 104 105 106 0

255.8 unb. 25 96 84 115 182 209 298.8[ U: 23 98 91 115 199 218 278.6
269.2 unmb.II 25 103 89 140 174 250 251.6] U 25 102 91 136 189 224 292.9)

MovieA 50 125 147 245 222 212 338.5

MovieB 53 134 174 266 269 200  375.0
[A] 15 12 9 7 53 powersins (A) 15 12 9 7 53 PowerBins A] 15 12 9 7153
# 180 34 93 27 97| (noises7) # 174 37 99 28 97| (noise=7) # 178 44 108 3097
Defoc. Latt. SpSplit Merge Tilt Iafo Defoc. Latt. SpSplit Merge| Tilt Iafo Defoc. Latt. SpSplit Merge|
26.3 39.8 === 29.2 Grid TAxis 26.3 39.8 29.2 Grid Taxis 26.3 39.8  ---  29.3]

=3.6 =7.8 === 3.8 Grs -3.6 -7.8 .8| Grid Tangle  -3.6 -7.8
Xst. TAXis 15.6 28.8
Xst. TAngle 3.6 7.8
.| Syn.PhaRes=~

0 CTF correction after 4 TTF correction after 7

Unab 24 98 97 123 200 215 . 24 98 97 123 200 215 259.2| Unb. 24 98 9 200 215 259.2] 24 98 97 123 200 215 259.2| 24 98 97 123 200 215 259.2

Usbead  J0I I0Z I0J I04 105 106 101 102 103 104 105 106  OVAL| U 101 702 103 104 105 106  QVAL 101 102 I0J I04 IQS I06  QVAL
uab.2z 25 98 99 151 211271 4] 60 123 159 223 270 246  448.9| Unb.II 25 99 94 140 200 224  276.2] 26 99 97 136 163 206 335.2| Uab.Iz 26 99 97 149 174 228 312.8|

A} 13 1% 9 7 53
(noisesT) # 180 35 94 2797

Tiit Iafo Defoc. Latt. SpSplit Merge| Tile Iafo  Defoc. Latt. SpSplit Merge| Tilt Iafo Defoc. Latt. Spsplit ¥erge| Tiis Info Defoc. Latt. Spsplit Merge| TAiS Info Defoc. Latt. SpSplit Merge|
Grid TAxis 26.3 39.8 2 TAxis 26.3 39.8 === 29.2| Grid TAxis 26.3 39.8 - 29.2] 26.3 39.8 ---  29.2| Grid Taxis 26.3 39.8 - 29.2]
Gl gle -3.6 -7.8 TAngle 3.6 -7.8 === =3.8| Grid Tangle -3.6 -7.8 - =38 -3.6 -7.8 - -3.8| Grid Tangle -3.6 -7.8 ——— 3.8
Xst 18 15.6 28.8 . TAXLS 15.6 28.8 --=  18.4| xst. Taxis 15.6 28.8 --- 184 15.6 28.8 - 18.4] Xst. TAxis 5.6 28.8 === 184
Xst. TAngle 3.6 7.8 . TAngle 3.6 7.8 — 3.8| xst. TAangle 3.6 7.8 -— 3.9 3.6 7.8 —— 3.8| Xst. TAngle 3.6 7.8 — 3.8
31 4-2dx-2016-CTF-correction.key - 22 Aug 2016

(Almost) Non-Tilted 2D Crystal
1 Phase flipping before 2 CTF multiplication before 3  Wiener Filter before
Image: 2014-05-26_14-33-45_0020025100
Tilt axis: 29.2°
Tilt angle: -3.8°
Defocus: 9462.4, 10.179.7, 81.92°

8CTF mult before, TTF after

0 CTF correction after 4 TTF correction after 5 Phase flipping after 6 CTF multiplication after 7 Wiener Filter after
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Image: 2014-07-29_14-27-19_0020012900
Tilt axis: 86.3°

Tilt angle: -44.8°

Defocus: 19022.2, 19231.7, 80.0°
Forer R

101 102 103 104 105 106 101 102 103 104 105 106

Tilted 2D Crystal

1 Phase flipping before 2 CTF multiplication b

101 102 703 105 106

101 102 103 104 105 IQ6

efore 3 Wiener Filter before

701 102 103 104 I05 106  QVAL

42 74 4@ 137 184 809.5 40 69 48 68 141174 > 43 68 52 62 142 167  762.0
44 86 52 76 143 182  909.4] Umb, 44 85 53 78 158 187 776.4] Unb, 43 90 51 87 148 175

A) 15 12 9 7 53 fA) 15 12 9 7 53 [A) 35 312 9 7 53

(moises7) # 668 69 56 13 87| (noise=7) # 378 83 66 15 87| (noises7) # 613 79 63 1477

Defoc. Latt. Gpsplit Merge| Defoc. Latt. SpSplit Mergel Tilt Jafe  Defoc. Latt. SpSplit Merge

Grid TAxis 86.4 -85.6  --- -96.3| Grid TAxis 86,4 -05.6  --- -86.3] Grid TAxis 86,4 -85.6  --- -86.3

Grid TAngle  38.9 -44.2 -44.8| Grid TAsgle  38.9 -44.2 -44.8 38.9 -44.2 -44.8

Xst. TAxis  -27.4 -19 Xst. TAxis  -27.4 -19.1 -19.4 “27.4 =19.1  eee =29.4

Xst. TAngle ane .8 Xst. TAngle  -38.9 -44.2 === 4.8 -38.9 2 eee 44.8
Sym.PhaRes= — Fum.Spots~ .| SY=.PRaRes= — Num.Spotss . Wum, SpoLs:

5 Phase flipping after

Usbead QI T02 IOJ 104 105 106

6 CTF multiplication after

20! 302 103 304 105 106  QVAL| Usbead

7  Wiener Filter after

101 102 103 104 105 106 VAL

Uab.: 40 64 35 67 152 178 40 64 35 67 152178 uab.: 40 64 35 67 152 178 . 40 64 35 67 152178 733.3) Uab.: 40 64 35 67 152 178 7333
uab.zx 45 73 37 84 147 164 47 84 57 69 119121 Unb.II 43 83 52 74 160 169 Unb.II 42 87 59 65 160 179 44 88 58 72 157 168 932.1
A 25 12 9 753
(noise=7) # 670 67 49977
Tilt Iafo Defoc. Latt. SpSplit Mergel Defoc. Latt. SpSplit Merge| Tilt Iafo Defoc. Latt. SpSplit Mer Tilt Iafo Defoc. Latt. SpSplit Mergel Defoc. Latt. SpSplit Mergel
Grid TAxis 5 - -86.3 3| Grid Taxis 86.4 -85.6  --- -86.3| Crid Taxis 86.4 -85.6  --- -86.3 86,4 -85.6  --- -86.3
Grid TAngle 38.9 <44.2  eee -44.8 3 2 -44.8)
Xst. TAxis -19.4| Xst. TAxis ~27.4 =19.1 -19.4 -27.4 =19.1 -19.4
Xst. TAngle  -38.9 -44.2 wen =44.8] XSt. TAngle  -38.9 -44.2 -44.8 -38.9 -44.2 -44.8
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0

Usabeod

unb.

Image: 2014-07-29_14-27-19_0020012900
Tilt axis: 86.3°

Tilt angle: -44.8°

Defocus: 19022.2, 19231.7, 80.0°

8CTF mult before, TTF after

Ynbend
vnb.I

101 I02 102 104 105 I0s VAL
40 69 48 68 141 174 756.4)

TAb.II 47 86 50 80 100 118  862.7
(A7 35 12 9 753
(noise=7) # 669 67 499771

CTF correction after 4 TTF correction after

101 102 I0J IQ4 I05 I06
40 64 35 67 152 178
45 73 37 84 147 164

101 102 103 104 105 106
40 64 35 67 152 178
47 84 57 69 119121

A1 35 12 9 753

(noise=7) ’ 670 67 49 977
Tilt Info Defoc. Latt. SpSplit Merge Tilt Info Defoc. Latt. SpSplit Merge| Defoc. Latt. SpSplit Mer - SpSplit Merge Tilt Iafo Defoc. Latt. SpSplit Merge)
Grid TAxis 86.4 -85.6 - -86.3 6.4 6 ——— -§6.3 Grid TAxis 86.4 -85.6 --- -86.3 Grid Taxis o - =86.) 86.4 -85.6 e LT
Grid TAngle  38.9 ~44.2  =-= -44.8] 38.9 -44.2 -44.8) Orid TAngle  38.9 -44.2 -44.8 Orid TAngle  38.9 -44.2 -44.8 38.9 ~44.2 -44.8)
Xst. TAxis -27.4 -19.1 - =19.4) “27.4 =19.1 ~19.4| Xst. TAxis =27.4 -15.1 mee =19.4) Axis =27.4 ~19.1 ~19.4 -27.4 -19.1 -19.4
X$t. TAngle  -38.9 -44.2  ——- -44.8 -38.9 -44.2  --- -44.8| Xst. TAngle  -38.9 -44.2  --- -44.8| xXst. TAngle  -30.9 -44.2  -—- -44.8 -38.9 -44.2  --- -44.8

Tilted 2D Crystal
1 Phase fli

ing before

101 102 103 104
2 74 &2 7
44 86 52 76

105 106
137 184
143 182

40
44 85 53

Usbend 101 10Z 103 104 105 106  QVAL
69 48 68 141 174
78 158 187

701 T02 103 104 105 106
43 68 52 62 142 167
43 90 51 87 148 175

(A) 15 12 9 7 53| PowsrBims A) 15 12 9 7 53 (A) 15 12 9 7 53

(moises7) # 668 69 56 13 87| (noise=7) 4 378 83 66 1587 # 613 79 63 1477
TAds Info Defoc. Latt. 5pSplit Merge . SpSplit Merge Defoc. Latt. SpSplit Merge
Grid TAxis 86.4 -85.6 -86.3| Grid TAxis -86.3
Grid TAngle Grid TAsgle .8 38.9 -44.2 - -44.8
Xst. TAxis Xst. TAxis -19.4 “27.4 =19.1 eee =29.4)
Xst. TAngle - .8| Xst. TAagle -44.8) =38.9 ~44.2 === =44.8
Syn.PhaRes= —— Fum,Spote~ .| SY=.PhaRess . Num.Spotss . - Num. Spotes .

701 102 103 104 105 106
40 64 35 67 152178
43 83 52 74 160 169

Usbead
unb.
a2

6 CTF multiplication after

201 02 103 104 105 106  QVAL| Usbeed
40 64 35 67 152 178
87 59 65 160 179

7  Wiener Filter after

Usbeed 101 702 103 704 105 106 QAL
40 64 35 67 152 178 7333
44 88 58 72 157 168 932.1
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Tilted 2D Crystal
1 Phase flipping before 2 CTF multiplication before 3  Wiener Filter before
Image: 2014-07-29_14-27-19_0020012900
Tilt axis: 86.3°
Tilt angle: -44.8°
Defocus: 19022.2, 19231.7, 80.0°

8CT

0 CTF correction after 4 TTF correction after 5 Phase flipping after 6 CTF multiplication after 7 Wiener Filter after
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Conclusions CTF

® The CTF defines the transfer of contrast from
the sample onfo the image.

® The PSF defines the impact on the image from
a point in the sample. PSF = FFT(CTF).

e CTF needs to be fitted and corrected.

® CTF for tilted samples can be done in various
ways. In 2dx, recommendation is Phase Flipping
before unbending.
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