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Abstract

In theprocessof three-dimensionalreconstruction of biological macromolecules, several hundreds,or
thousands,of projections aretaken from different digitized micrographs(photographsfrom ElectronMi-
croscope). Prior to thereconstruction itself, theseprojectionsneedto benormalized,by scaling their pixel
valuesproperly. Subsequentstepsof theprocessinvolveclassification, location of theprojectionsaccording
to thesamereferencecoordinatesystemand,finally, the three-dimensional reconstruction of thespecimen
understudy. In this work a new normalization procedureis described. Simulationresults of thedistorsions
producedin thefinal 3D object by usingthis differentnormalization procedurearepresented,analyzedand
compared to currentnormalization approaches.

Keywords: density scaling,singleparticles,three-dimensionalreconstruction, visualization,imagepro-
cessing.

1 Introduction

In orderto carryouta three-dimensional reconstructionof anobject
from its two-dimensional projections, the following stepsmustbe
solved: (1) theprojectionsmustbe localized in thesamereference
coordinatesystem, or in otherwords,theEulerangles

���������	��

val-

uesthatdescribetheirorientationmustbeknown. (2) Thevaluesof
thetwo coordinates

�����������

thatdescribethelocationin theprojec-

tion relativeto theorigin of thevolumecoordinatesystemmustalso
beknown. (3) All projectionshave to becorrectly weighted, thatis,
all they have to belongto thesame3D object. If any of thesethree
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pointsis not fulfill ed,a distorted representationof the3D object[1,
p. 214]would beled.

Thestartingdatafor a three-dimensional reconstructionareelec-
tronmicroscopy photographs(sonamed “micrographs”)of amacro-
molecule preparationwhosestructure we wantto know. On themi-
crographswe observe many (dozens) of images thatwe assume,in
principle, to beprojectionsof a samestructure. To obtaina recon-
struction at high resolution levels ( � ��� Å) we needthousands of
suchimages.Recently, the50Sribosomeof E. coli wasresolvedat
7.5Å[2] using16,000projections.

In this work we areassumingthatpoints(1), theorientation, and
(2), thecoordinate systemorigin, arecorrect for all projections,and
we shall focuson the point (3) aboutthe weighting, or normaliza-
tion, of all pixelsvaluesfor eachprojection.

Van Heel et. al. [3] presents an excellent review of all steps
involved in singleparticles 3D reconstruction. General considera-
tionsof cryo-electronmicroscopy in singleparticles canbeseenin
[4, 5, 6].

2 Normalization procedures

Thegeneralprocedureto scalepixelsvaluesis to normalize themat
asamemean, �� andstandard deviation, � , usingtheequation:

������ � � �! ��"
$# � (1)

where
� �� correspondsto thenormalizedpixel valuesand

� � arethe
pixels valuesof theoriginal image.

Herewe goingto compare threeprincipal proceduresusedin the
field to normalize:

1. Carazoetal [7] normalizeall theprojectionsatasamezeromean
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andstandarddeviationof 1.

2. Radermacher[8] normalizestheprojectionschangingthe � value
in Eq.(1) to themeanvalueof thebackgroundof theprojection.
This backgroundvalueis calculatedover theimage border, in a
zonefreeof specimen components.

3. A new procedure in which the valuesof �� and � in Eq. (1) is
calculatedover theborderzonelike in thepoint (2).

Thenormalizationprocedure usedby Boisset et al [9] is reduced
to theprocedure(3) if wesupposethatbackground(thenoise)hasa
Gaussiandistribution [10].

Schatzet al [11] normalize all projectionsaspoint (1), usinga
zeromeanandan arbitrary variance valueof ���%� . Rosemanet al
[12] simply mentionthat all projections arenormalized at a same
meanandstandarddeviation.

3 Experiment

To studythe effectsproduced by the threedifferent normalization
procedurespresented in sec.2 on the final 3D reconstructions, the
following experimentwasperformed:

1. A realistic specimen wasconstructed: With the atomicmodel
of thebacteriorhodopsin[13] anew lower resolution modelwas
created, at6 Å, usingtheprogramSitus[14] (http://situs.scripps.edu).
Theresulting volumehadasizeof &%�('*)%+ voxels, with sidesize
of 1.2 Å andwas padded with zerosto obtaina cubevolume of
size &%� voxels by side.

2. A set of ��� ��, &-� projections were created from the specimen.
This number of projectionscorrespondto take equispacedsam-
pleson the full 3D orientation spaceat a tilt (the second Euler
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angle,
�

) of .0/ [15], at ranges�1/32 � � , &%�0/ and �0/32 � � ��4%�%/ .
Let thissetof projectionsbenamedby 576�8 . Eachprojectionhad
asizeof &%�9' &%� pixels.

3. A new setof noisyprojections, 5;:<6�8 , wascreated addingGaus-
siannoiseto eachprojection ata fractional noiselevel (fnl) [16]
of �-=?>@� . Thelevel of noiseadded to eachprojection is expressed
as the ratio between the standarddeviation of the added noise
andtheaverageintensityrangefor all images.

4. Threenew setsof projectionswerecreated:

(a) Let AB615 : 6�8�8 the setof projectionscreated from the setof
noisy projections andnormalized with Carazoet. al proce-
dure.

(b) Let CD615 : 6�8�8 the setcreatedusingRadermacher’s normal-
ization procedure.

(c) Let E7615 : 6�8�8 thethird setof projectionscreated with thenew
proposednormalizationprocedure.

5. Four 3D reconstructionswerecreatedusingthe Algebraic Re-
construction Technique(ART):FHG!IKJ , thevolumereconstructedfrom 5 : 6�8FHGML , thesecond reconstructionobtainedfrom AB6�8 .FHG!N , thethird volumeobtained from CD6�8 .FHG!O , thefourth volumeobtainedfrom EP6�8 .

Theprojections,3D reconstructions,andothers operations,were
carryoutwith theXmipp package[17]
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4 Results

(a) “Frontal” view (b) “Lateral” view

Figure 1: Two images taken from PBD atomic coordi-
nates of the bacteriorhodopsin with rasmol program (see

http://www.inpharmatica.co.uk/rasmol/).
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Figure2: Examplesof projectionswithout (top row) andwith noise(bottom
row)

.
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(a)Original (b) RTSVU

(c) RTW (d) RTX (e) RTY
Figure3: Imagesof theslicenumber 29 (a) of theoriginal specimen,bacte-
riorhodopsinataresolutionof 6 Å and(b)-(e)of thereconstructedvolumes.

Image (e)shows two redlineswhich valuesarepresentedin next figures.
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Figure4: Graphs of the realvoxelsvaluesat rows 24 and45 on slice29 of
the reconstructedvolumes. The rows usedareshowed in red in Fig. 3(e).

Radermacherprocedure resultsin apoorerdynamic range.

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

N
or

m
al

iz
ed

 v
ox

el
 v

al
ue

Number of voxel

No norm.
Carazo et.al.

Radermacher
Proposed

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

N
or

m
al

iz
ed

 v
ox

el
 v

al
ue

Number of voxel

No norm.
Carazo et.al.

Radermacher
Proposed

Figure5: Graphs of thenormalizedvoxelsvalues,between 0 and1, at rows
24 and45 on slice29 of thereconstructedvolumes.Clearly theprocedures
usedby Carazoet.al. andRadermacherproducedthesameresult.Thenew
proposednormalizationproceduregiveusa reconstructionpractically indis-
tinguishablefrom the reconstructionobtained from non-normalizedprojec-

tions.
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Figure6: Visualization of thevoxelsdifferencesbetween3Dreconstructions.
For all four imagesshowed,thegreenwire representthe3D reconstructionG!IKJ (without normalization). Thetwo top imagesshow thedifferentvoxels
(on violet color) betweenvolumes G IKJ and G L (Carazoet.al. procedure).
Thetwo bottomimagesshow thedifferentvoxelsbetweenvolumesG I[J andG O (thenew proposednormalizationprocedure.Thevolumes wereobtained
taken 5280voxelsfrom thehistogram densityfunctionstartingwith thehigh-
estdensity[1, p. 268]. These imageswererenderedusingScubesprogram
[18]. The differentvoxels betweenvolumes G L , or G\N , and G IKJ were556
voxels, equivalently to 10.5%.Thedifferentvoxelsbetween volume G O andG IKJ was43voxels,or 0.8%.
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