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CTF

Henning Stahlberg, UC Davis

Transfer Function of

CTF of perfect micrsocope e
(this microscope does not exist)




Contrast

electron beam
I thin sample

W objective lens

unscattered

scattered
beam

beam
(phase shift = W)

/ Interference gives contrast

Spherical Aberafion

Scherzer Formula

2aW w34 a2
y(u)—T—E[(.sAu —2AJLu*]

Limits resolution beyond ~ 2 A

sin(y(u)): phase contrast transfer function \\l[[[/ Electrons further from the axis are

cos(y(u)): amplitude contrast transfer function ‘ more strongly bent back towards
the axis.

u: scattering vector (xscattering angle) —- 5 — (ke "eovion Oor:

W: wave aberation A A '

A: electron wavelength e image Electron waves further from the
Az: defocus ' axis receive more phase shift.

Cs: spherical abberation constant




Chromatic Aberation

Specimen ‘

. Limits resolution beyond
Energy-loss electrons
~0.5A
No-loss electrons
Electrons of lower
Disc of least confusion energy are bent more
strongly than those of

zero-loss energy.

Gaussian image plane

Envelope functions
E(u) = Es(u)+ Ec(u)+ Eq(u) « Ev(u): Ep(u)
with

Es(U) angL“ar Spread Of the source a = opening angle

Ta 50X (u) , TQ

_ _ 2 33 2
/\)( S )7] = exp[ (/\)(Cs/\u + AfAu)7]

Ec(u): chromatic aberration
AE AVice s

1 . AT,  AE AV
EC(UB = el‘p[§ (7(/\(5)2114] 5= Ccvt'l( If:]bJ)z + (E)Z + (ﬁ)'

E.(u) = exp[—(

Ed(u): specimen drift
E,(u): specimen vibration
Ep(u) = MTFp(u): detector

CTF

CTF(u) = { A * cos(y(u)) - sq rt(l—Az) *sin(y(u)) } * E(u)
2nW

Y () = = [Csﬁu“ - 2Az)uf]

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)

Modulation Transfer Function
(MTF) of photographic film
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Excel sheet available on

@ Excel File Edit View Insert Format Tools Data Window Help ™ @ = 4 = Charged) W1 Fri 2:10 PM [&) @ Excel File Edit View Insert Format Tools Data Window Help 5 Fri 2:10 PM
8enn ™ CTE-simul-simple.xis CXaXG) CTE-simul-simple.xls
o A '+ EECEEN o X L v N o ’ aQ E < - (- X L v o v a
1 1
. CTF Simulation © Hanning Stahiberg. HStahlber g@ucdavis.adu, Oct 18, 2005 . CTF Simulation © Henning Stahibarg, HStahlber g@ucdavis.adu, Oct 18, 2005
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Contrast Transfer Function

CTF

Non-tilted e 008000
sample
V%%M\olution
(1/A)

Image

Defocus x, y 17333.7 16628.7

Defocus.
Astigmatism 705.03
Astigmatic Angle: 360.00

Reload Accept




Real Space: Fourier Space:
Point Spread Function Contrast Transfer Function

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

- N /l\
- Vil
Image (1/4)

Can we correct the CTF ?

Object

FT(PSF) = CTF

PSF ~ FT(CTF)

CTF correction: Phase flipping CTF correction: multiply by CTF

NewImage = FT"{ FT(Image) e sign(CTF) } NewImage = FT~ { FT(Image) ® CTF }

Resokuion 1/q [nm)

“Invert the phase behind every second Thon ring” "Multiply by CTF, to increase S/N”




CTF correction: Wiener Filter Conclusions CTF
® The CTF defines the transfer of contrast from

NewImage = FT_I{ FT(Imdge) o % } the sample onto the image.
CTF=+ N

® 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.

l\/\,’ \\ m/\ /“\ it ® CTF for tilted samples is a complicated and
i ' important story, which will be told by Ansgar

“Divide by the CTF (sort of..)" Philippsen after the coffee break.

The Missing Cone

Fourier Space

Tilt Geometry

Henning Stahlberg, UC Davis

Diffraction Spots in 2D
Lattice Lines in 3D




. % %
Tilt Geometry y .
Coordinate System of the Recorded Image / 3 //

1. Where is the tilt axis? TLTAXIS: angle from X-axis to tilt-axis

' Determination and Refinement

2.
3. How is the crystal oriented? TLTAXA: angle from tilt-axis to A*

Coordinate System of the Sample ﬁg O F f h e
4.

How much tilt was there? TANGL.: tilt angle of sample
(Same as TLTANG, but Sign dependent on:
Is A* above tilt axis? Sign of TLTAXA? Handedness of the lattice assignment?)

p Tilt Geomet
How is the crystal oriented? TAXA: angle from tilt-axis to A* on sample l I G eo e r y
(different than TLTAXA!)
in 2dx

Defocus values in 49 positions on image
11990 10960 9900 9510 8430
From defocus of negative (ctfsearch3) 10920 10800 9480 9330 8070
From lattice distortion (lattilt) 11230 10190 8890 8460 7390

o N 10190 9480 8685.35 7770 6790
From spot-splitting (ttrefine) 11090 9630 9360 8590 7570 6730
From comparison with 3D dataset  (origtiltd) 10590 9540 9260 7850 7240 6060
10580 9460 8330 7310

Four ways to determine/refine tilt geometry:

Geometry calculation from
defocus lattice spotsplit merging
(ctfsearch3) (lattilt) (ttrefine) (origtiltd)

TLTAXIS 63.1014 64.43140 64.4314
TLTANG 42.7849 45.38935 45.3894
TLTAXA -87.7667 -87.76840 -87.7681 —————
TANGL 45.3900 45.38935 45.3894 46.998
TAXA -86.8216 -86.82402 -86.8236 -93.714

Determination and Refinement of the Tilt Geometry in 2dx

Defocus Gradient accross image Defocus Gradient accross image

Rough Tilt Geometry, but absolute sign of tilt angle (TLTAXIS, TLTANGL) Rough Tilt: Geometry, but absolute sign of tilt angle (TLTAXIS, TLTANGL)
No clue about crystal orientation (TAXA, TANGL) No clue about crystal orientation (TAXA, TANGL)

Lattice Distortion

Precise Tilt Geometry if tilt larger than 252,
but no clue about sign of tilt angle (sign taken from above)

SpotSplitting
Precise Tilt Geometry if tilt larger than 252,
but no clue about sign of tilt angle (sign taken from above)

D Merging

Precise Tilt Geometry for sample (TAXA, TANGL),
but no clue about carbon film orientation (TLTAXIS, TLTANGL)




Lattice Distortion

Precise Tilt: Geometry.if tilt larger than-252,
but.no clue about sign of tilt angle (sign taken from above)

SpotSplitting
Precise Tilt'Geometry if tilt larger than 252,
but_no_clue about sign of filt angle (sign taken from above)

» @ CetSpotlist for Unbend |

» @ unbend!

» @ CetSpotlist (complete) Real Unit Cel Length (For eatire project):
» 8 unbend it

» 8 Synthetic Unbend
»® Refine Parameters
@ Correct CTF @’
» |8 Maximum Likekhood

T — i Ukelibood Algorithn
$

Use Maximam Likelinoos?

Real Cell Angle {Tor entire project):

Refine Parameters Unbend - - :
Rehne Spotlist Lower Resolution Limir RESMIN) @' 0 Input Unbending AmpsPha.

Refine Tilt from SpotSpliming Upper Resolution Limit (RESMAX). W sw

fine Defocus i s
neddel.lx ocus to;ﬂﬂ:trqedu O S —— = TXTi APE file afver AVACAMPH.
Modity Image Ampliuu N . TXTi AP file after CENTRIC
Image inventory Temperature Factor for Map Generation: @' -2000

prrans ™ S - - o e

All Parameters
PrtriRh 4 Cenerate correaly scaled map with SPIDER? Gaterpoiared and sheared masti-unit-cell: oy 4 () Yes(@)

APU: A=pePhe after ORIGTILT -

v
Scalk of the final map (specify the size of cne pixel in Angstroem) @' oz
Namber of unit celfs in fmal mapr @ e

Keep Large Temporary Files

€713).6  Qual

ovall
20 29 40 a0 57 52

3D Merging

Precise Tilt Geometry for sample (TAXA, TANGL),
but no clue about carbon film orientation (TLTAXIS, TLTANGL)




Display of Tilt Geometry in 2dx

Sample Image Final Map
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“T” “Shift—T”
TLTAXIS, TLTANGL TAXA, TANGL

Cross-Correlational Alignment and Averaging

X; Particles

(b,- Alignment Parameters

A Average

Align particles (e.g. via CCF), and
then average them.

Maximum Likelihood

Henning Stahlberg, UC Davis

Xiangyan Zeng, FVSU, GA

with Niko Grigorieff, Brandeis Univ. and HHMI

@ Model Parameters A
A Structure
r, Std.dev. of Gaussian noise

X

Find model parameters
(structure and distributions
for alignment and noise),

so that the given set of images has the
highest likelihood of being photographed.

Sigworth, JSB 122 (1998)

g Std.dev. of distribution of alignment parameters

Observed Particles
X = A=) + oK,

Gaussian Noise R of distribution o

N
L®) =S In P(X/|©)
1

i=

Goal: Maximize L

Zeng, JSB 160 (2007)




Maximum-Likelihood Processing

N
HOEDWNEC)]  Goal: Maximize L
i=1

N
1x0) =Y in [ (6. 0)6. [0 5 ¢ 14 6) =< ! )‘"exp[
i / oV 207 derivative of Lis zero

where P: Probability density for all images
(9. 0) = P(X||¢,0)f(|O). under distribution parameters and X;(d) —ay
alignment parameters . N ol Yi(b: ©) db

X(9) —AIZ] ; Goal: Find where

1\ ?
fl|©) = (—)
: V2n) 6.0,0.
0.-& (4,-%) (@.-&)
2q? 2a? 242

Find model parameters :
(structure and distributions
for alignment and noise),
so that the given set of images has the

highest likelihood of being photographed.

x exp [—

f: Probability density of all distribution N f - @
parameters under alignment parameters tion: 1 RN Xi(b)yid; OF) db
Solution: [RrICE-

N [y o) a

Sigworth, JSB 122 (1998) Zeng, JSB 160 (2007) Sigworth, JSB 122 (1998) Zeng, JSB 160 (2007)

Maximum-Likelihood Processing

Assumption: Distributions are Gaussian

But: Distributions in TEM images arent.

1 \L X (), (6.0 )dd

P> e truct A . . . .
Vi Jule.67)e Sl o e.g.: Thon rings: Background noise is not Gaussian

RSV AR Pl  Noise distribution
\\" = [/, 0" )ded
1~ fa.0(6.07)do
NS [ule.0")dé

1S [q,7,(¢.0)dé Alignment center
",2,‘ [7(¢.0")do (x,y,rotation) : —zg‘::rfizlmm

o oy 1A [ (6,0%)de \ z
Solution: SN ErE

Lo (4. ._"): 7(6.0")de

N & [7,(6.07)dé

Alignment distribution

[7,(¢. 0)dd (x.yrotation) 02 03
Resolution [A']

f '(«/‘ - ):-,‘,l‘c' 0")d¢

Sigworth, JSB 122 (1998) Zeng, JSB 160 (2007) Sigworth, JSB 122 (1998) Zeng, JSB 160 (2007)




Maximum-Likelihood Processing

Assumption: Distributions are Gaussian

But: Distributions in TEM images aren
Quadserch 3
(MRC software) l (approximate unit cell)

. o . ~ CTH(k)
Noise whitening F(RYK) AN~ Grk)+ N
= FLRY(K)H (K)Sign[CTF(k))
Apply amplitude Apply Wicner CTF

whitening correction

Cut into stack of windows Cut into stack of windows

g w(a,s,,s
Determine ML parameters ( S ) Calculate reconstruction from stack I

. Al
Reference: Al and weights

Fowor [arb. urits)

Correct envelope

02 03 ) Calculate ML from stack: A®*"
Resolution [A”] s s A ]

Zeng, JSB 160 ) Sigworth, Zeng, JSB 160 (2007)

Sigworth, JSB 122 (1998)

e )
A maximum likelihood approach to 2D crystals
anched Songo,
4 Foibeiedis ) _:m_ Fsdenw y
@ GetSpotiist N =
» @ Unbend | Use Maximum Likelihood? IIJ ® ves() .‘7,
»® Undend Il o
» 8 Synthetic Unbend Weighting profite from?. @ | maxmum likelibood wlclation 18- 8
»® Refine Parameters [ o
>l Correct CTF Total diameter of the windoms o
» & Maximum Likelihood =
»H Generate Map Dlameter of the circular mask @’ o
’rnuwm determination method for particle seiection: ) ' | relative percentage oven | o
a) —
» @ Mask Crystal vrom Polygon Y Absolus tresnold vl or parice section 5] 7000 ML Tenult WAthout Eaveio b
» 8 Evaluate Lattice Relative percentage of particies for selection @' o APE:. 0 Tesult 2
> 8 GerSpacegroup & PhaseOrigin |1 o “ ™ SR 1 -
> SetPhaseOrign Manually MRS NIV [| 2ous 12 cemt, mattcers a ML (3.3A) CC (3.6A) Crystallography (3.3A)
» 8 Generate SymMap Type of low-pass filter @ | mene e ¥l ronule with Eavelopecar.
» 8 Refine Parameters Unbend | L 2SS
» 8 Refine Parameters Unbend || | LowPass fiter radius @’ oo | M. rosult, Even Refereace 0
» 8 Refine Spotist < Apaly naise whitening gi® @ Yo N || 10 resie, 084 Retecence .
» 8 Refne Tilt from SpotSplitting
“ % vahina Naforiic fram Marna |7 Apply CTF carrection a’ @ v Ny ML result UnitCell v
! TR p— 4 fold v Juee
€ v 5 L = LL—,,.‘? Th.Mag  &9261.9 Qval 19,3
ovall 6.4
L 10 &4 71 M) T 402 489 x
X.NL = to Tva WAvima 1ikelibood processisy = e i R N
Stasting ML 20 31 34 46 TT T TO 409 619 2
Calculated x/y ceste: offset = 3.973310,-2.524630 m 308 b s =
Total nusber of = 149
Threshold ... = 54.049999 Defoc. Latt. SpSplit Merye
Nanber of "lh above thre =~ 14 TLIAXIS - -44.6 - - .
TLIANG A
Gat particle stack Y| Tzaxa 176
Gracting saxisun ixelinacd A ML (20A) CC (20A) Crystallography (28A)
with Niko Grigorieff, Brandeis Zeng et al., J. Struct. Biol. (2007)
L y




Maximum Likelihood is not entirely free of reference bias

Particle Particle with noise Only the processing result from
2000 images, . . .
SNR= 200 the noise component is shown:

CCF ML

1 Round

b
/\/\/\ I\\j /\ ‘ 20 Rounds

Resolution [pixel!]

Badly prepared crystals are not flat.
This leads to resolution loss.

samples at various
tilts

Two-dimensional
image processing
results, for various
tilts

Images of samples at
/ various tilts
4

3D reconstruction

Badly prepared crystals are not flat.

Electron Beam

Sample

Image
Even spacing Uneven spacing under tilt

Badly prepared crystals are not flat.
This should not lead to resolution loss.

N -
4
—

ﬂ ﬂ Three-dimensional
interpretation of these
/_/ images

samples at various
tilts

X
\

U
{
e

Images of samples at
various tilts

l
—
-

{ e

3D reconstruction




® 2dx merge File Edit Options View Select @ S Muil C ™ O = @100 T 4 Wed 1007AM Q

/| B

Maximum Likelihood

Uservenning Deskwp Prosing GLPF merge! nann
re Merge Directory wi TAXA TANGL Pha0ri Change HE=  Parameter Value
>e GFO6693_30b &' 30.94 3035 1.20,1.80
4 GFO6694_30b 3857 11.19 1.20,-0.30 C
e 5l =
e
> @ Final Merge s
> te Merged Map v
B JProcess all images CE—— 4>
€ AL

Custom Scripts -
» % Maximum Ukelihood —
»B Modify image Parameter | weignting profite trom @ ¢ [ arimum Whebbood cakulation ol
> N A &
> Genera Saved D
»B Oisplay Maps Total diameter of the windows. w20 20
.- Inner image diameter of the windows @' 120 20 L
e C =
Diareter of the circular mask of
» 8 . - nn Images n o
'8 Threshod determination method for particle selection: (g * [ relative percentape given 1)
Absolute threshold value for particle selection @
.
Relative perc selection @
Fiest reference from a s
Type of low- pass firer s

stahlberglab.ucdavis.edu
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I micrographs
*10% of unit cells
120x120 pixels

4 byte (float)
=570 MB

only: 0°..30°

Full ML in 3D:

100 micrographs
100x100 unit cells
300x300 pixels

4 byte (float)
=360 GB

and: 0°...70°

ML in 3D

Xiangyan

Ze




