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Electron tomography (ET) is a technique to reveal the interior structures of organic
-sub cellular macro molecules- and inorganic materials from the ir 2D cross sectional
transmission electron microsc op e (TEM) pro jections. Howeve r, restricted radiation
dose due to sp ecimen damage and bli nd region of angular sampling as a result of
physical constraints deteriorate the quality of the resultant tomograms. Typically,
electron tomograms su�er from low signal to noise ratio (SNR) and elongation ar-
tifact in the direction of electron radiation. Di�erent studies prop ose metho ds to
tackle the constraints of ET in the data acquisition stage. This thesis is a com-
parative study among di�erent data acquisition mo del s by analyzing the resultant
tomogram of each metho d quantitatively. We imple ment each mo del with a TEM
simulator and c ompare the tomograms by their ro ot me an square (RMS) and resolu-
tion. Results of TEM settings indicate that 1) reducing the acceleration voltage and
increasing the defo c us value intensi�es the contrast. 2) Diminishi ng the ob jective
diaphragm size reduces the brightness of the pro jections. Comparing data acquisi-
tion mo dels states that 1) cosine mo del of dose distribution homogenizes the SNR of
sinograms and compared to the conve ntional metho ds enhances the resolution of the
tomograms. 2) Employing Saxton mo del for angular sampling b o osts the resolution
and declines the elongation artifact. 3) Combination of the cosine metho d of dose
distribution and Saxton's mo del promotes the resolution, RMS value and elongation
artifact signi�cantly: resolution enhanced 1.81 times compared to the constant dose
and angle distribution mo dels in Z-direction. To conc lude, emphasis on the SNR
and sampling frequency of highly tilted angles outp erforms the conventional data
acquisition approaches qualitativel y and quantitatively.
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1. INTRODUCTION

Taking 2D cross sectional pro jections around an ob ject with p enetrative waves en-
ables us to reconstruct and reveal the interior structures of the ob je ct throug h a
technique called tomography. To obtain the pro jections in a full angular range, ei-
ther of the sp ecimen or detec to r-sourc e pair should circulate around a single axis.
In case of electron tomography, the employed pro jections are acquired f rom a trans-
mission electron mic roscop e. Generally TEM pro jections are acquired by irradiating
a thin sp ecimen with a b eam of electrons accelerated with a certain voltage. The
electrons which pass the sp ecimen form an image on a detector pl ane and reveal the
structures of the ob ject from a sp eci�c angle [1]. Acquired pro jections from di�e r-
ent angles around the sp ecimen are reconstructed to generate an electron tomogram.
Currently, high resolution electron microscop es can pro duce images close to atomic
resolutions < 10 Å. However in case of biological sp ecimens, resolution of an electron
tomogram is restricted, since physical constraints such as sp ecimen damage and
angular range of data acquisition are inherited with the electron tomog ra phy [2].

Di�erent studies aim to tackle the constraints of the e lectron tomography in b oth
data acquisition and image re construc ti on stages. Transmission Electron Microscopy
-Physics of Image Formation [3], and Electron Tomography -Metho ds for Three-
Dimensional Visualization of Structures in the Cell [4] are two principle references
comprising of comprehensive chapters in elec tro n microscopy and electron tomogra-
phy resp ectively. This thesis is a comparative study among di�erent data acquisition
approaches and evaluates the e�ect of each metho d on the reconstructed electron
tomograms in terms of RMS value and resolution. The main metho ds applied in
this work such as Saxton mo del of angle distribution and cosine mo del of dose dis-
tribution are intro duced and employed in di�erent e xp eriments already [2, 5, 6].
Nevertheless the quantitative evaluation of their mere impact on the reconstruction
has not b een assessed by the time of writing this work.

This thesis is structured as follows; in chapter 2 di�erent conce pts of electron mi-
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croscopy, together with the pro cedure of ima ge formation is intro duced. In chapter
3 low do se ele ctron microscopy and di�erent data acquisitio n metho ds are discussed.
Chapter 4 is an intro duction to image reconstruction and it's most frequent algo-
rithms. Chapter 5 explains diverse metho ds of resolution measurement in elec tro n
tomography. In chapter 6 two numerical phantoms are describ ed, adjustments em-
ployed in the TEM simulator are demonstrated and details of the exp eriments are
de�ned. Chapter 7 presents and di scusses the results of the exp eriments qualita-
tively and quantitatively and �nally chapter 8 makes a conclusion f rom the acquired
results.
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2. IMAGE FORMATION OF BIOLOGICAL

SPECIMENS IN TRANSMISSION ELECTRON

MICROSCOPY

In Transmission El ectron Microscopy, a thin sp ecimen is radiated by a b eam of elec-
trons accelerated with a certain voltage. Electrons are emitted from a thermionic,
Schottky, or �eld emission electron gun. Condenser lenses system provides user to
control the quality of illuminatio n and the area of illumination on the sp ecimen.
Collision of electrons with the sp ec imen leads to an interaction b etween them; some
electrons scatter elastically, some scatter inelastic ally, and the re st pass the sp ecimen
without any de�ection. Emerged elec trons from the sp ecimen will face a diaphragm,
with a very small ap erture in b etwe en. Non-de�ected and low angle scattered elec-
trons pass the diaphragm ap erture and the rest -highly scattered electrons- will b e
absorb ed by the diaphragm. Then, the transmitted electrons are fo cused wi th three
to eight magnetic lenses to form an image on a �uorescent scree n at the end of their
path. Image formed on the �uorescent screen is digitally recorded with a detector
plane, depicti ng the electric p otential distribution of the sp ecimen [7].

In thi s chapter, we will clarify the mentioned concepts which contribute in forming
an image in TEM.

2.1 Electron Gun

To generate a b eam of electrons, an el ectron gun is employed. The electron b eam
is supp osed to have high brightness, and spatial/temp oral coherency. In order to
emit an el ectron, it should receive su�ci ent energy to overcome its work function 1

� w (see Fig. 2.1). Thermionic, and Schottky electron guns provide the energy by
heating the catho de. In �eld em ission electron gun, a very strong electric �eld jE j �

1Minimum thermodynamic energy needed to remove an electron from a solid to a point in the
vacuum just outside the solid surface at absolute zero [8].
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Figure 2.1 Electrons at metal-vacuum boundary with energies almost close to Fermi
energy (EF ) need to overcome the barriers of� w and � w � � � w for thermionic and Schottky
emissions respectively or can tunnel through the barrier of width w for �eld emission [9].

109 V m� 1 , very go o d vacuum, and a tip catho de with a radius � 0:1µm is required
to extract an electron f ro m the metal �lament by quantum-mechanic tunneling e f-
fect. The advantage of �eld emission electron gun is wi thi n its high brightness, and
acceptable spatial/temp oral cohe re ncy. Also, as it can b e observed in Fig. 2.1, elec-
trons should overcome the work function of � w and � w � � � w for thermionic and
Schottky emissions resp ectively, but for �eld emission, electrons at the Fermi level
can p enetrate the p otential barrier w by the quantum-mechanical tunneling e�ect
[9]. In reality, obtaining a p erfect spatial/temp oral coherent ill umination is not p os-
sible and the illumination is partially coherent, since the electrons do not contain
an equal amount of energy and the size of electron source is not in�nitely small.
Partial coherency a�ects the image formation equations by intro ducing exp onential
envelops to the system transfer function; attenuation of high spatial frequencies due
to b oth partial spatial, and partial temp oral coherency [10].

2.2 Condenser Lenses

Fo cusing the electron b eam on the desired area of the sp ecimen and control ling the
illumination ap erture to obtain su�c ient image intensity requires condenser lenses.
The condenser system comprises of at least two lenses and a condenser ap erture.
The �rst le ns C1 is applied for narrowing -demagni�cation- of gun cross over (see
Fig. 2.2a) and the second one C2 is required for converging the b eam and de�ning
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the diameter of ill um inated area on the sp ecimen. Based on how C2 is excited,
b eam convergence on the sp ecimen can o ccur in one of these mo des: i n-fo cus, over-
fo cus or defo cus. Figure 2.2b-c illustrate the contribution of C2 lens to illumination
area on the sp ecimen. Moving from in-fo cus mo de to over-fo cus or defo cus mo des
increases the diameter of illumination over sp ecimen. Condenser ap erture is usually
lo cated b elow the C2 lens and dep ending on the desired magni�cation/resolution,
the condenser ap erture size is changing from 1 milliradian to � 0:1 for medium to
high resolutions resp ectively [9].

(a) (b)

(c) (d)

Figure 2.2 a) Demagni�cation of gun cross over with C1. b) Focus mode of beam con-
vergence with minimum diameter of illumination on specimen. c) Under-focus convergence
increases the area of illumination. d) Over-focus mode with expanded diameter of illumi-
nation [11].
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2.3 Electron Specimen Interaction

The electric p otential di stribution within a sp ecimen is not uniform; the sp ecimen
comprises of di�erent atomic nucle i, each of which provide s a Coulomb p otential
dep ending on the nature of that atom [12]. Irradiating the sp eci men, with a uni form
density of electrons transmitted through condenser system, electrons will pass the
sp ecimen unscattered, elastically scattered o r inelastically scattered. The probability
of each of these eve nts is measured with their scattering cross section. Each event
is de�ned as b elow:

1. Most of the electrons pass through the sp ecimen without any interactions, as
there were no sp ecimen. In an atomic view, the unscattered ele ctron path is
not close enough to any atom to exp erience the electric �eld of that atom, con-
sequently no inclination in the electron path. More precisely, since the interior
space of the sp ecimen is represented by the e lectric p otential distribution, un-
scattered electrons pass through the zones which the transverse electric �eld
is weak [ 12].

2. The elastic scattering due to the p otential of the nucleus is the most signi�cant
cause of contrast in electron microscopy image formation. Electrons that pass
close to the atoms of the sp ecimen will b e de�e cted by the Coulomb p otential
of the nucleus. If the electron do es not lose e nergy -energy loss is neg ligible-
in this interaction, then the scattering is c alled elastic scattering. Figure 2.3
illustrates the scattering of an el ectron under the nuc leus in�uence. Elec trons
travel in a hyp erb olic path when they face the Coulomb force of the nucle us,
dep ending on l -shortest distance b etween electron and nucleus. If l is to o big,
then the el ectron faces no force, and continues its straight tra jectory. Fo r a
smaller l de�ection angle � increases [ 13, 14].

3. Inelastic scattering o ccurs when the incident electrons collide with the sp eci-
men electrons. In this case, the loss of energy is signi�cant, while the de�ection
angle is small. Usually, the de�ection angle of inelastically scattered electron is
less than 5 degrees, which le t these electrons to app ear b eside the unscattered
electrons in image formatio n pro cedure. Those transmission electron m icro-
scop es a dvantaging from z ero-loss mo de can distinguish b etween unscattered
electrons, and inel asti c scattered electrons. Figure 2.4 compares a pro jection
acquired without and with zero-loss mo de.
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Figure 2.3 Elastic electron scattering under nucleus e�ect and di�erential cross sections
d�=d 
 [13].

(a) (b)

Figure 2.4 Projection acquired a) without zero-loss mode b) with zero-loss mode [15].

Now, scattered electrons may emerge from the sp ecime n, or undergo another sc atte r-
ing, i.e. either elastic, or inelastic. The probability of the second scattering increases
by the increm ent of the sp ec imen thickness [12, 13, 14].

In case the sp ecim en do es not generate acceptable electric p otential distribution
contrast, it can b e stained with heavy atoms -lighter atoms selectively b ound to
heavier atoms. Vividly, for high resolution imaging, the sp ecimen remains unstained,
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since the detail structure of the sp ecimen are supp osed to b e imaged.

2.4 Mean Free Path

Scattering cross se ction is the e�ective area which implies the intrinsic likeliho o d
of scattering event. Total cross section � el is the sum of e lastic scattering � el and
inelastic scattering � inel . Thus, the scattering o ccurs in the small area of � t in the
vicinity of each atom.

To count f or the atoms existing in a thickness dz, mass-thickness dx is de�ned as
dx = � dz , with the unit of gr=cm2 , where � is the density. Then, N is de�ned as
NA =A, where NA is the Avogadro's numb er, and A is the atomic weight. Thus, we
have:

Number of atoms in a thickness dz = N� dx: (2.1)

Now, if the sp ecimen with dz thickness and ab ove-mentioned prop erties is irradiate d
with n electrons p er unit area, numb er of scattered electrons dn would b e computed
as:

dn=n = � N� t dx: (2.2)

The negative sign implies that n is decreased by scattering. Taking the integral from
b oth side s of Eq. 2.2, we can write:

Ln (n) = � N� t x + Ln (n0); (2.3)

where n0 is the numb er of electrons p er uni t area in x = 0 . Solving Eq. 2.3 for n ,
we have:

n = n0 exp(� N� t x); (2.4)

n = n0 exp(� x=xt ); where xt = 1=N� t : (2.5)

Equations 2.4 and 2.5 indicate that the numb er of unscattered electrons declines
exp onentially wi th the mass-thickness inc re ment [13]. Considering Eq. 2.5 in a semi
logarithmic scale the electron transmittance (T(n) = n=n0) exhibits linear prop erties
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as follows:

Ln (n=n0) = exp(� x=xt ); (2.6)

Ln (T(n)) = exp(� x=xt ): (2.7)

In practice, in large mass-thickness values Eq. 2.7 do es not remain linear due to
the multiple elastic/inelastic scattering. The reason is b ehind the fact that, those
electrons which scattered �rstly with very high angles can b e scattere d back to-
ward the incident direction and pass through the ob jective diaphragm, i.e. multiple
scattering e�ect. Therefore by de�ning mean free path as the mean distance which
a particle passes b etween two successive collisions, it can b e assumed that, if the
sp ecimen thickness were smaller than the mean free path, the second collision do es
not o c cur, thus ignoring multiple scattering.

2.5 Objective Diaphragm

After interac tion with the sp e cimen, transmitted electrons i.e. b oth sc atte red and
unscattered, are fo cused with an ob jective lens on a fo cal pl ane. Thus, electrons
scattered with a same dire ction are fo cused there. An ob jective diaphragm is lo cated
at back fo c al plane and intercepts ele ctrons which scattered with angles larger than
� 0 . Typically, the size of di aphrag m diameter (2r) is b etween 20-200 µm (see Fig.
2.5) [9] . The Smaller diaphragm size pro duces mi crographs with higher scattering
contrast and blo cks multiple elastically scattered electrons. Almost, all the medium
resolution micrographs are generated by stopping the highly scattered electrons. It
should b e noted that, highly scattered electrons inherent signi�cantly imp ortant
information which are vital for high resolution imaging. The size of ob jective di-
aphragm in�uences elec tron transmittance b ehavior -linearity of Eq. 2.7, thus the
quantitative prop erties of image formation. Applying Eq. 2.7 despite the fac t that
the electron transmittance is devi ati ng from the linearity in a tilt se ries, pro duces
wrong information in 3D reconstruction. Two signi�cant reasons for deviation from
linearity in Eq. 2.7 are increment of sp ecimen thickness and small ob jective di-
aphragm. Former reason increases multiple scattering, and the latter provides high
electron interception by diminishing the size of ob jective diaphragm. In a study
[16], using Carb on Mi cro coils (CMC), intensity attenuation is precisely measured
relative to diaphragm ap erture and sp ecim en thickness. There it has b een shown
that increment of sp ecimen thickness and small ob jective di aphragm i ncrease the
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Figure 2.5 Objective diaphragm located at back focal plane intercepts electrons sacttered
with � � � 0 [9].

arti�cial �uctuation in material density and inaccuracy in the shap e of reconstructed
sp ecimen. Figure 2.6 depicts the e�ect of ob jecti ve diaphragm size on reconstruction
accuracy: Fi g. 2. 6a is the ground truth and from Fig. 2.6b to c the siz e of ob jective
diaphragm decreased. Figure 2.6b shows that the ob ject is reconstructed almost
with relative uniform intensity when the ob jective ap erture is su�ciently large but
decreasing the radius of diaphragm increases inaccuracy of the reconstructed image;
the edges are almost indistingui shabl e, streaking artifact is dominant and average
intensity is low (see Fig. 2.6c).

2.6 Contrast Transfer Function

Letting the desired electrons pass through the ob jective diaphragm, the �rst inter-
mediate i mage is formed by the ob jective lens; the image is typicall y provided by 50x
magni�cation. Subsequently, the �rst intermediate image should b e magni�ed by
further lenses known as pro jective lenses. It is p ossible to mo del the pro jective sys-
tem of a TEM in a function which acts on the ele ctron wave. The function i s called
Contrast Transfer Function (CTF) and it is mo dulated to electron wave scattere d
from the sp ecim en in frequency domain. Thus, the image formed on the detector
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(a) (b) (c)

Figure 2.6 Bright and dark regions belong to CMC and vacuum respectively. a) Ground
truth. b-c) All the factors of image acquisition remain constant except for the objective
aperture size which decreases from b to c. Intensity pro�les from point A to B are shown
in the bottom row [16].

plane Udet , is a convolution of inverse Fourier of CTF and scattered electron wave
Usc in spatial domain [10].

Udet = F � 1f CTFg � Usc: (2.8)

CTF is a consequence of opti cal ab errations and defo cus value (� F ) -it is a function
of spatial frequency. It a�ects the ele ctron wave b oth i n amplitude and phase. The
amplitude of CTF is characte rized by a decaying envelop e indicating the amplitude
decline in high spatial frequenci es. This enve lop directly dep ends on the defo cus
value [17, 18]. CTF also b ehaves in an oscillatory manner, in which the contrast
reversals starts from a certain spatial frequency (see Fig. 2.7). The contrast rever-
sals which come with the oscillatory b ehavior of CTF are harmful for the detected
pro jections. For instance, supp o se that in some frequency ranges a density app ears
black in a white background, whereas it will app ear white over a black background
in another frequency ranges due to the contrast reversals [19]. More precisely, in
a certain frequency, CTF passes the zero p oint, so that no sp ecimen information
emerges in the image. In the frequency range to the next zero, the phase contrast
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Figure 2.7 Theoretical CTF of an EM at acceleration voltage of 200 kV. Defocus value
is chosen such that zero crossing of CTF occurs at (2:8 nm) � 1 [20].

changes to the opp osite of its previous one. It is very imp ortant to consider that the
�rst zero-crossing of CTF de�nes whether the CTF correction is needed, so that if
the exp ected resolution is b eyond, then CTF correction is required to gain reliable
information. For instance, as we can observe in Fig. 2.7, the �rst zero of CTF
(where the contrast reversals start) o ccurs at ( 2:8 nm) � 1 frequency, requiring CTF
de-convolution for resolving details hi gher than this resol utio n [20]. It i s mentioned
already that defo cus value controls the decline of CTF enve lop thus the lo c ati on of
�rst zero. Increasing the defo cus value displaces the lo cation of �rst zero toward
lower resolutions as it can b e seen in Fig. 2.8 (zo om of each image in top row is
shown in the b ottom row) where di�e re nt defo cus value s are examined at 300 KV
acceleration voltage. Figure 2.8a is the original ima ge wi th 0.5 nm pixel siz e and is
supp osed to b e viewed with � F = 2, 2.5 and 7. 8 µm (see Fig. 2.8b-d). Details with
higher resolutions are closer to the center of the image, so when � F is increasing
the radius of unreliable information increases and moves toward lower resolutions
or away from the image center. Di�culties in de�ning the CTF of l ow SNR images
in cryo-tilt se ri es is a force to cho ose the defo cus value such that the �rst contrast
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(a) (b) (c) (d)

Figure 2.8 a) Original image which is viewed by electron microscope under 300 kV
acceleration voltage and defocus of: b)2µm c) 2:5µm and d) 7:8µm. Bottom row is the
zoomed view of top row for clearer display of the e�ect of CTF [19].

reversal corresp onds to the highest resolution obtained in image acquisition pro cess.
Generally, CTF correction is applied for high resolution imaging such as single par-
ticle reco nstruction. Thus, practically in electron tomography CTF correction is
not needed b e cause of low resolution limits of this technique. In case CTF correc-
tion is required, it should b e corrected for each single pro je ction contributed to the
reconstruction.

2.7 Bright Filed and Dark Field Imaging

2.7.1 Bright Filed (BF) Imaging

In brig ht �led imaging, the ob jective diaphragm is inserted, and absorbs all electrons
scattered with � � � 0 . Thus, regions whe re conta in high mass-thickness co e�cients
will app ear darker, in comparison with regions with low mass-thickne ss co e�ci ents.
Generally in BF-TEM, the background of the image app ears brightly, as almost all
electrons pass without scattering in regions without the sp ecimen.
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(a)

(b)

Figure 2.9 a) Schematic of how BF and DF imaging function. b) Result of bright �led
imaging (left) and dark �eld imaging (right) [21].

2.7.2 Dark Filed (DF) Imaging

Dark �eld mo de is available on typic al TEM instruments. Opp osite to the bright
�eld imaging which the unscattered electrons contribute to image f ormation, in dark
�eld imagi ng , scattered electrons parti cipate in image formation. Considering Fig.
2.9a, in DF-TEM traditionally, the incident b eam is radiated by a tilted angle like
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"d" to the sp ecimen. Transmitted electrons, i.e. unscattered electrons, pass the
sp ecimen without de�ection, and would b e absorb ed by the ob jective diaphragm.
On the other hand, those electrons de�ecte d by the angle "d" continue down in
parallel to the virtual microsco p e line. Thus, not b eing absorb ed by the ob jec-
tive diaphragm, the sca tte re d electrons create the scattering contrast in dark �eld
imaging [21, 2 2]. Consequently, areas in the sp ecimen with low mass-thickness co-
e�cients are app eared bri ghtly, while the background of the image is dark due to
the blo cking of unsca tte re d electrons. Figure 2.9.b compares result of BF and DF
imaging; in bright �eld imaging the background is bright and dense ob jects app ear
dark opp osite to the dark �led imaging.

2.8 Scattering Contrast

To explain scattering contrast, electron movement is assumed to b e particle wise.
Elastic scattered electrons with de�ection angles larger than ob jec tive dia phragm do
not participate i n image formation, thus remaining of the electrons -unsca tte re d and
inelastic scattered ele ctrons- pro duce an image with scattering c ontrast. It means
that, the scattering contrast is presented by the sum of intensities and not the sum-
mation of wave amplitudes as in purely wave-optical theory imaging. Almost all the
medium re solution (2-3 nm) contrasts are created by this mechanism. Generally,
scattering contrast is e mployed in amorphous sp ecimens, surface replicas or biolog -
ical segments. To enhance the scattering contrast in BF-TEM, inelastic scattered
electrons -electrons with high loss of energy- can b e �ltered with energy �lters [15] .

2.9 Phase Contrast

In case of phase contrast, image intensity acquired by squaring the sum of the wave
amplitudes. In another words, it is a sup erp osition of the elec tro n waves at the
image plane, while they have interfering e�ect on each other [15]. Phase contrast is
required for hi gh resolution imaging. To understand this mechanism, the sp ecimen is
assumed to b e made of large numb er of thin slices, each of which representing a 2D,
multiplicative, complex transparency. When the i nc ident ele ctron wave propagates
through the �rst slice, it will b e mo di�ed and reaches the next following slice, thus
will b e mo di �e d again. The electron wave wil l b e mo di�ed until it emerges from the
sp ecimen. The �nal mo di�ed electron wave can b e represented by a multiplicative
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sp ecimen transparency function:

W(x; y) = jW(x; y)jexpf i' (x; y)g; (2.9)

where phase shift ( ' ) and the amplitude term |W| are pro jections of the p otential
and absorption of the sp ecimen. The interaction will result in di�erent phase shifts
b etween the scattered and unscattered electrons [12]. In another words, phase shift
in emerging wave is prop ortional to the line integral of elec trostatic p otential [10].
The resultant micrograph obtained from the convolution of electrostatic p otential
of the sp ec imen and inverse Fourier transform of contrast transfer function. CTF is
describing the imaging conditions a nd TEM prop erties.

2.10 Image Formation

2.10.1 Detector Plane

Detector plane is considered as a rectangular plane, divided into squared pixels [10].
The size of the detector plane determines the �eld of view (FOV), so that bigger
detector plane p ermi ts for larger FOV. Co nsi de ring detector plane, pixel size is a
factor in de�ning the resolutio n. For a �xed magni�cation, the smaller pixe l size
leads to a higher resolution.

2.10.2 Detector Response

After interaction with the sp ecimen, electrons re ach the scintillator and result in a n
emission of photons. To discuss the detector resp onse, �rstly detector gai n (C Gain )
and Detective Quantum E�ciency (C DQE ) are de�ned as:

C Gain refers to the magnitude of ampli�cation in a given system. Typically, the C Gain

is set so that the full well of the charge coupled dio de (CCD) ful�lls the co mplete
range of digitalization in 1x gain. But, it can also b e set according to the imaging
situation. For instance, higher values of C Gain , are appreciated in photon starved
cases, which high-sensitivity mo de is required. Alternatively, when higher SNRs are
required, lower C Gain would b e selected.

C DQE or shortly DQE indicates the quality of recording of electrons, and is de�ned
as the ratio of squared output SNR and squared input SN R. Thus, it can b e written
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as:

DQE = ( SNR)2
out =(SNR)2

in : (2.10)

In an ideal detector, all the incident electrons are detected with the same wei ght,
thus detective quantum e�ciency is equal to one, whil e in practice DQE cannot
gain the value of unity [23]. DQE is a function of frequency, and damps in higher
frequencies, consequently it obtains minimum value at Nyquist frequency. Figure
2.10 shows the DQE in fractions of Nyquist frequenc y.

Figure 2.10 DQE as a function of frequency (! ) is de�ned as fractions of Nyquist
frequency) [23].

2.10.3 Detector Blurring

Emitted photons from the scintil lator will b e detected on detector cells. Photons
corresp onding to an intensity p oint in scintillator are not hitting only one detector
pixel, but also the nearby pixels. Thus, an intensity p oint in sc intillator will b e
represented by a pixel and its neighb orho o d. Conseque ntly, the intensitie s detected
in the de te ctor pixels are not indep endent, and there is a correlation b etween in-
tensity of a pixel and its neighb orho o d. Also it should b e added that, pixels with
high intensity values may su�er charge bleeding. The leakage of a pixel charge to
the adjacent pi xels alters the p oint spread function (PSF) of the detec tor.

Mo dular transfer function (MTF) is the Fourier transform of PSF, and typically used
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instead of PSF. The detector MTF is surveyed thoroughly by [24] and is de�ned by:

MTF (� ) =
a

1 + 
 1j� j2
+

b
1 + 
 2j� j2

+ c; (2.11)

where � is the spatial frequency and a, b, c, 
 1 and 
 2 are variables to adjust the
MTF. The �rst two terms mo del the he ad and tail parts of the PSF and c is a
constant. Note that the tail of the PSF is due to the propagation of photons into
the ne ighb oring detector cells and it plays the main rol e in the blurring obse rved in
the detectors. The variables in Eq. 2.11 are indep endent of the sp ecime n and they
are supp osed to b e �tted exp e ri mentally by measuring the Wiener sp ectrum of the
detector.

2.10.4 Shot Noise

In electron microscopy, di�erent sources of noise contaminate the measurement. The
dominant source of noise in EM is shot noi se; statistical �uctuation in the numb er
of electrons counted by the detector. In the other words, the numb er of elec trons
detected in a time interval is random.

Shot noise follows Poisson distribution if following conditions observed:

� The distribution of the numb er of electrons dep ends only on the length of time
interval, and not on the starting and ending instances of detection. Thus, the
longer the inte rval, the higher the numb er of detected elec trons.

� Arrival of electrons in each time inte rval is indep endent of any other interval,
and has no e�ect on the numb er of electrons detected on other time intervals.

� In a small time interval, the probability of detecting two or more electrons is
negligible in comparison to the probability of detecting one electron.

Holding the conditions, the probability of observing n electrons in the time interval
t is:

P(n; t) =
(�t )ne� �t

n!
=

� ne� �

n!
; (2.12)

where � is the mean el ectron rate (electrons/second). � is the mean of numb er of
electrons arrived to the detector in the interval t , and consequently, the standard
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deviation is equal to � 1=2 . In higher counts, Poisson distribution inclines to normal
distribution.

Having mean and standard value, the SNR is calculated a s:

SNR =
�

� 1=2
= � 1=2 = ( �t )1=2; (2.13)

which indicates that higher irradiation time (higher dose) increases the SNR value
[25].
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3. LOW DOSE IMAGING IN CRYO ELECTRON

TOMOGRAPHY

Cryo electron tomography is known as a bridge b etween light m icroscopy and molec-
ular microsc opy like X-ray di�raction or single pa rti cle analysis (SPA). Target sp ec-
imens in cryo el ectron tomography are biological structures such as macromolecular
complexes, small bacteria, pleomorphic viruses and slices or thin areas of cells [2 ].
Generally, a resolution of 5-10 nm is attainable in electron tomography reconstruc-
tion. However, still it is p ossible to push the attainable resolution a bi t furthe r to the
range of 2-5 nm; o pti mizing image acquisition prop erties in addition to some image
pro cessing techniques to improve the re so lution in electron tomography [2, 26]. From
image acquisition p ersp ective, acceleration voltage, sampl e thickness, magni�cation,
defo cus radiation, dose and tilt scheme are imp ortant to disc uss. However, in terms
of image pro ce ssing, appropriate �ltering of the noisy pro jections, contrast transfer
function (CTF) correction and correct tilt se ries alignment are to ols to enhance the
maximum resolvable details of electron tomography. Our conce rn in this chapter is
to optimize image acquisition features.

3.1 Acceleration Voltage

Acceleration voltage of an elec tron source plays a signi�cant role in image formation,
as it has a di rect e�ect on mean free path. Figure 3.1 shows how total elastic
and inelastic cross-sections decrease due to increase of acc eleration voltage for two
elements; carb on (C) as a light element and platinum (Pt) as a heavy element.
Consequently, decrement in total � el and � inel enhances the mean free path as it
is shown in Table 3.1. Therefore, the problem of imaging cells and organelles with
complex shap es and large thicknesses ca n b e overcome by high acc eleration voltages
in the range of 400-1000 kV, as the p enetration p ower of electrons enhance s with the
increment of the acceleration voltage. Typically, for thin samples � 100 nm, 100 kV
electron microscop e is su�cient, however for imaging thick samples, i.e. 250- 500 nm,
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Figure 3.1 Elastic and inelastic cross-sections as a function of acceleration voltage for
carbon and platinum [12].

intermediate (300-400 kV) or high voltage (1 MV ) electron microscop es is required.
It is imp ortant to consider that, p ossible gain in p enetration p ower is limited [6].
Approximately, increasing the acceleration voltage from 1 00 kV to 300 kV enhances
the p enetration by the factor of two, while moving from 300 kV to 1.2 MV augments
the p enetration only by the factor of 1.5. Note that enlargement of m ean free path
enables us to irradiate the sp ecimen with more electrons. For instance, at 300 kV ,
1.75 times more electrons can b e applie d in comparison to 120 kV.

Table 3.1 Elastic mean free path (nm) as a function of acceleration voltage (kV) for
carbon and platinum [12].

Acceleration voltage (kV) Carb on Platinum

17.3 45.9 0.03
25.2 65.5 3.78
41.5 102 5.41
62.1 145 6.57
81.8 181 7.83
102.2 216 8.95
150 321 10.9
300 518 14.7
750 632 23.6
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Insp ecting the accel eration voltage i n terms of sp ecimen damage, it should b e con-
sidered that, either decreasing or increasing the acceleration voltage b elow or ab ove
certain level s increase the probability of sp ecimen damage; b elow a certain acc eler-
ation voltage the probability of inelastic and multiple scatterings wil l enhance while
ab ove a certain acce leration voltage kno ck-on events 1 will increase. To have an
acceptable trade-o� b e tween p ene trati on p ower and sp ecimen damage, 300-400 kV
acceleration voltage is practical.

3.2 Magni�cation

Dep ending on the desired re solution, i.e. what kind of structures are supp osed to
b e revealed, magni�cation is determined. Low magni�cation inherits larger �eld of
view, less detai l structure and higher SNR. Having magni�cation and detector cell
size, we can de�ne the pixel size in the sp ecimen level as:

Magnif ication =
Detector cell size

Desired resolution
: (3.1)

It should b e take n into account that images from high magni�c ations su�er from
small �eld of view and low SNR. Also, mo dulation transfer function (MTF) of
detectors drops in high frequencies. Thus, in practice images are acquired by 4x
greater magni�cation than that of desire, and then 4 pixels contribute to one binned
pixel with higher SNR [2].

3.3 Defocus

As mentioned earlier, defo c us value determines the lo cation of the �rst zero-crossing
of CTF. To overcome the e�ect of CTF, it is b etter to cho ose it corresp onding to the
maximum resolution required, i.e. the lower the defo cus the hi ghe r the covered reso-
lution. If the resolution is b eyond �rst ze ro-crossing of CTF, then de-c onvolution of
signal with an appropriate CTF as an image p ost-pro cessing step is needed [20]. On
the other hand, selecting high defo cus values pro duce images with higher contrast
which is advantageous in low dose electron tomography. There fore, it is recom-
mended to cho ose the highest defo cus which covers the highest required frequency.

1An inelastic event, in which energy transferred to an atom is higher than its binding energy.
[20]
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(a) (b) (c) (d)

Figure 3.2 Imaging a portion of Tobacco Mosaic Virus (TMV), applying 66000� mag-
ni�cation, dose of 3000-3500 e-/nm2 (180-210 e-/pixel), with di�erent defocus values: a)
� F = 0µm b) � F = 1:5µm c) � F = 3µm and d) � F = 6µm [10].

Figure 3.2 shows the e�ect of increasing the defo cus value from 0 to 6µm that en-
hances the contrast of resultant pro jection. Note that blurriness and alteration in
quantitative prop erties of the sp ecimen are consequences of cho osing high defo cus
values.

3.4 Dose and Electron Radiation Damage

Conventionall y, e lectron dose is expressed as the numb er of e lectrons p er squared
nanometer (e-/nm 2 ). In cryo-ET, the main restrictive factor in acquiring a high
resolution reconstruction i s the total electron dose, since the native structure of
the biological sp ecimen should b e preserved during the image acquisition. Vitri�ed
sp ecimen undergo es breakage of covalent b onds in high exp osure of electron b eams,
leading to structural deg radati ons. Figure 3.3 shows how high e lectron radiation
forms bubbles and holes in the sp ecimen by ionizing e�ect and thermal damage
-energy absorb ed by the sp eci men and converted to heat. Absorption of the energy
by the sp ecimen is de�ned by 1) the acc eleration voltage: the higher the accelera-
tion voltage the lower the scattering cross section and 2) the numb er of electrons
irradiated to the sp ecimen: the lower the dose the lower the probability of inelastic
scattering events [27]. For imaging in hi gh resolutions (at least 7 Å), total do se of 1
e-/Å 2 will not intro duce harmful radiation damages to the sp ecimen [29]. However,
such a low radiation dose makes el ectron tomography imp ossible as a result of very
p o or contrast and SNR. Practically, high resolution 3D reconstruction is p ossi bl e
only through single particle analysis (SPA) by extracting di�erent pro jections from
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(a) (b)

Figure 3.3 Electron radiation damage leads to structural degradations such as forming
holes and bubbles in ice embedded prokaryotic cell: a) 50e-/Å2 b)500e-/Å2 [28].

di�erent rep eats of a molec ul e, when the macromolecular sp ecimen takes the advan-
tage of multiple o ccurrence. Most of biological sp ecimens like cell comp onents are
imaged with low resolutions (50-100 Å) since identical structures in the copies are
rare.

Allowable dose for imagi ng of a biological sp ecimen is highly re stri cted and di�ers
sp ecimen to sp ecimen. As a general stateme nt, for an unstai ne d biological sp ecimen,
approximately 5000 e-/nm 2 is tolerable not to undergo sp ecimen damage. More
imp ortantly, the total amount of tolerable dose should b e divided by the numb er
of pro jection views [20]. Therefore, to distribute the allowable numb er of electrons
on an image series e�ciently, numb er of til t images and exp osure time should b e
computed optimally to keep the radiation as low as p ossible, while maximizing the
SNR in acquired pro jections.

3.5 Angular Sampling

The approach to angular data acquisition in�uences resolution of reconstruction. In
noise free imaging of a spherica l sample, i.e. thickne ss of the sample is indep endent
of tilt angle, the resol utio n of the reconstruction de p ends on diameter of the sam ple
(D) and constant angular tilt increment ( � 0 ) [30]. So , the resolution is determined
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(a) (b)

Figure 3.4 Schematic representation of angular data acquisition. Due to mechanical
constraints, fully angular collection of the data is not possible, causing unsampled parts
called missing wedge. a) Angular sampling applying constant tilt increment. b) Angular
sampling applying Saxton method, leading to more optimal data collection [27].

by:

Resolution = D � 0: (3.2)

In practical ET, acquired images are noise contaminated, samples have slab geometry
and tilt range is limited approximately to -70 � to 70 � due to mechanical constraints.
Violating the conditions of isotropic resolution, reconstruction su�ers anisotropic
resolution and Eq. 3.2 is not applic able for estimating the resolution [2]. Assuming
that noise contamination and angular constraints are not mo di�able, we are able
to reduce the e�ect of slab geometry of sp ecimen. Saxton scheme [ 5] is a p opular
approach to comp ensate for the increasing e �e ctive thickness in high angles. In his
metho d, angular spacing i s prop ortional to the cosine of tilt angle ( � ), so as the
sp ecimen inclines more toward high angles the sampling frequency increases. The
original formula [5] i s suitable for the crystalline sp ecimen, however it has b een
mo di�ed and approximated as [6]:

� n+1 = � n + arcsin(sin� 0 cos� n ): (3.3)

Comparing the numb er of til ts acquired by the constant angular increment with
Saxton's scheme in Eq. 3. 4) and Eq. 3.5, for a certain tilt range and � 0 , Saxton's
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metho d pro duces more ac qui sition angles. This makes the metho d optimal, when
the electron dose is highly restricted [6].

Number of tilt angles =
2� max

� 0
+ 1: (3.4)

Number of tilt angles � (
2� max

� 0
+ 1)

1
� max

Ln
1 + sin� max

1 � sin� max
: (3.5)

A representation of constant and Saxton metho ds of angular distribution is illus-
trated in Fig. 3.4 [27 ]. The �gure shows b oth incompleteness in fully data collection
called missing wedge a nd the di�erences in density of sampling as a function of tilt
angle.

3.6 Exposure Time

Ideally, tomographic image series should have similar SNR. Considering the slab
geometry of the sp ecimen in ET, by increasing the tilt angle, the e�ective thickness
of the sp ecimen increases with 1/cos � . Consequently, if the exp osure time for all
tilt series stays constant, the SNR of high angles is insu�ciently low, while the SNR
of low angles is unnecessarily high leading to waste of electron dose. To comp ensate
for the thi ckness increment, the exp osure time (t) can obtain one of the following
exp onential or cosine formulas:

t = t0exp[T(
1

cos� � 1
)] 0Exponential mode0; (3.6)

t =
t0

cos�
0Cosine mode0; (3.7)

where t0 is the exp osure time of zero tilt angle, and T = D=� where, D i s sample
thickness at ze ro tilt angle, and � is the e�ective mean free path. In practic e,
achieving a constant SNR throughout the tilted series is not p ossible, as the sp ecimen
thickness is not p erfectly constant over the �eld of vi ew [6].

There are restriction factors in�uencing the exp osure time in additio n to the desired
formulation in Eq. 3.6 and Eq. 3.7. For instance, maximum time which the con-
ditions of the sample can b e preserved for imaging or minimum time that a CCD
camera ne eds to record the pro j ections. Moreover, the brightness of electron gun
should b e enough to pro duce su�cient numb e r of electrons in small p erio ds of exp o-
sure time; with low numb er of electrons, the signal re corded in the detector su�ers
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signi�cantly f ro m low SNR and is not able to provide minimum count ra te required
for recording alignment markers [6].

In low dose electron tomography that the user is supp osed to distribute highly
restricted numb er of electrons ove r total numb er of tilt series, progress i n computer-
automated data collection has b e en of a crucial imp ortance. Tracking, fo cusing,
recording the images and dose distribution are done automatically. Despite all the
progress in automated data ac qui sition, mechanical and optical imp erfections should
b e tre ated after data c ollection [2].
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4. TOMOGRAPHIC IMAGE

RECONSTRUCTION

Tomography refers to non-invasive imaging using p enetrative waves to reconstruct
the interior structures of an ob ject from its pro jections. Computerized Tomography
(CT), Positron Emission Tomography (PET) and Electron Tomography (ET) a re
di�erent examples of this technique. In this section, de�nitions, formulas and meth-
o ds concerning 2D reconstruction wi ll b e intro duced. Although the main ob jective
of tomography in this thesis regards to 3D reconstruction, to understand the theory
in a simpler manner we take 2D c ase for explanation, then it can b e expanded to
3D case.

4.1 Projection Vector - Radon Transform

A pro je ction ve ctor P� (s) of a continuous two dimensional function f(x,y) is a col-
lection of lines of integral passing through the ob ject function f at a certain angle
� . The lines of integral inte grate the values of f along their ways (see Fig. 4.1 ). For
instance, in the case of electron tomography, each line sums the electric p otenti al of
the sp ecimen faces in its path. In order to understand the pro jection vectors, �rstly
it is needed to de�ne a line of integral [32]. The Lines of integral are de�ned by
their angle � with resp ect to Y-axis and distance from the origin of the co ordinate
system s. They can b e written as:

P� (s) =
Z

(s;� )line
f (x; y)dl where; s = x cos(� ) + y sin(� ): (4.1)

Now, for a certain angle gathering all lines of integral spread b etween �1 and + 1

generates a pro je ction vector or Radon Transform ( Rf f (x; y)g) of the ob jec t at that
angle as b elow:

P(s; � ) � Rf f (x; y)g =
Z + 1

�1

Z + 1

�1
f (x; y)� (xcos(� ) + ysin(� ) � s)dxdy; (4.2)
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Figure 4.1 Simple illustration of projections passing through the object f(x,y) at angle� ,
forming projection vector P� (s) from the distribution of absorbing mass [31].

where � is the Dirac delta function. The ra do n transform maps the spatial domain
to the pro jection or sinogram domain. A sinogram is the col lection of the pro jection
vectors over the angular view in which � 2 [0; � ) and s 2 (�1 ; + 1 ) , thus a p oint in
ob ject function forms a sinusoidal curve. Figure 4.2a shows an ob ject comprising of
three bright circles, and its corresp onding sinogram plotted based on s and � in Fig.
4.2b. Each pixel in the sinogram corresp onds to a line of integral at a certain angle .
The sinograms are the basis of image reconstruction from pro je ctions. By de�ning
sampling with the li nes of integrals as Radial sampling, for an ideal reconstruction,
continuous Angular and Radial samplings are needed. In reality continuous sampling
is not practical, thus �nite sampling substitutes the ideal in�nite sampling and
converts Eq. 4.2 to a discrete represe ntation as:

P(s; � ) =
M � 1X

0

N � 1X

0

f (x; y)� (xcos(� ) + ysin(� ) � s); (4.3)

where x, y, s and � are discrete values and � is the discrete impulse func tion [31].
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(a) (b)

Figure 4.2 a) Object comprises of three bright circles. b) Corresponding sinogram of (a)
plotted on s and � coordinates [31].

4.2 Fourier Slice Theorem

Considering parallel b eam approximation, this theorem states that 2D Fourier trans-
form of an ob ject function corresp onds to 1D Fourier transform of its pro jection
vectors. In the other words, the 1D FT of each pro jection vector from a given angle
corresp onds to a slice that passes the origin o f the 2D FT of the ob ject at the angle
where the pro jec tion vector is acquired. Thus, multiple pro jection vectors can b e
combined to obtain a discrete sampling of the whole 2D ob ject function. Figure 4.3
illustrates the Fourier slice theorem at a ce rtai n angle � . Mathematically, 1D FT of
P� (s) can b e written as:

P� (! ) =
Z + 1

�1
P� (s)e� i 2�ws ds: (4.4)
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Figure 4.3 Illustration of Fourier slice theorem; 1D FT is equal to one slice of 2D FT
[33].

In addition, F(u,v) representing the 2D Fouri er transform of f(x,y) can b e written
as:

F (u; v) =
Z + 1

�1

Z + 1

�1
f (x; y)e� i 2� (ux + vy)dxdy: (4.5)

Now if F(u,v) is shown with a p olar representation, considering u = w cos(� ) and
v = w sin(� ) , then Eq. 4.5 can b e rewritten as:

[F (u; v)]u= wcos�;v = wsin� = F (wcos�; wsin� ) = P� (w): (4.6)

According to the Fourier slice theorem, having the pro j ection vectors, disc re te 2D
FT of the ob ject can b e approximated. Therefore, computing 2D inverse FT will
reconstruct the original ob jec t from its pro jection vectors [33 ].

4.3 Reconstruction Techniques

Considering pro jection vectors of an ob ject f ro m di�erent angles, a reconstruction
technique maps these pro jections to a 3D tomographic representation of the ob-
ject. Technically, reconstruction of an ob ject F from its pro jections is an inverse
problem; solving a li near equation of the form P = $F + " for F , while P is the
pro jections, $ is the known system mo del and " represents the noise added to the
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ideal measurement. In electron microscopy noise almost follows Poisson distribu-
tion. For solving an inverse problem and reaching to a unique answer, according to
Hadamard, conditions of the problem should b e well- p osed. It means that:

� The problem must have a solution (Existence).

� The problem must have at most one solution (Uniqueness).

� The solution must dep end continuously on input data (Stability).

Howeve r, inverse problems concerning image reconstruction a re generally ill-p osed,
i.e. they are not well- p osed, and therefore only an approximation of the real answer
can b e obtained. Existence of non-unique answers for solving problem of reconstruc-
tion leads to many di�erent approaches try to optimize the results [34]. Generally,
di�erent reconstruction al gorithms can b e divided into two main c ategories:

1. Analytical Image reconstruction algorithms: appropriate mo di�cation of data
(sinogram) b efore back pro jection, i.e. �l ter b efore backpro je ction such that
the reconstructed images are not blurred. Direct Fourier reconstruction (DFR)
and �ltered back pro jection (FBP) are two examples of this category.

2. Iterative algorithms: appropriate mo di�cation of data (reconstruction) after
backpro jection, i.e. iteratively correct the blurring of reconstructed image with
the �ltering algorithms. Iterative reconstruction algo ri thm s are divided into
algebraic and statistical reconstruction metho ds [35].

4.3.1 Direct Fourier Reconstruction (DFR)

Based on the Fourier slice theorem, taking 1D FT of each pro jection vector enables
us to construct the 2D Fourier space of the ob ject. By computing the i nverse FT of
the 2D Fourier space, an estimatio n of the ob ject will b e reconstructed. In this algo-
rithm, the quality of the reconstruction dep ends on how accurate the discrete 2D FT
of the ob ject has b een approximated. If su�cient numb er of pro jec tions is acquired
a b etter reconstruction will b e obtai ned. Nevertheless sampling the Fourier space
needs consideration: for fast algorithms of 2D discrete Fourier transform (DFT),
p olar/radial sampli ng should b e converted to the Cartesian/e qui di stance rectangu-
lar grid [36]. Figure 4.4 illustrates the interp olation from p olar -shown with black
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circles as available data- to Cartesian grid -shown with white circles as interp olated
data. Moreove r, sampling of the Fourier space is dense in the neighb orho o d of the
origin and rather spars in high frequency regions. In this c ondition, to comp ensate
for incomplete and/or non-uniform sampl ing in the spa ti al frequency domain, in-
terp olation of the frequency space is employed. Sparsity of the samples in the high
frequency regions dec lines the accuracy of the interp olation, which generally leads
to intro duction of artifacts in the reconstruction [36].

Figure 4.4 Interpolation from polar to Cartesian grid; available data are shown with
black circles and white circles represent interpolated data [36].

4.3.2 Filtered Back Projection (FBP)

Filtered back pro jection has b een extensively used in the im age reconstruction and
known as golden standard in this �eld. To de�ne the FBP, �rstly back pro jection is
de�ned as smearing each pro jection vector back to the image along the direction of
its pro jection angle [37]. I ntuitively, it is the backward op eration of the pro jection
pro cedure. So, if each 1D pro jection ve ctor got replicated along the direction of its
pro jection angle, sum of them would result in the back pro jection. Mathematically
the back pro jection at angle � can b e stated as:

f � (x; y) = P(xcos(� ) + ysin(� ); � ): (4.7)
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Integrating for all pro jection angles from [0 � ) leads us to reconstruct an image as
b elow:

f back projected (x; y) =
Z �

0
f � (x; y)d�: (4.8)

And for a di sc rete sinogram, integral converts to �nite sum of discrete back pro jec-
tions, where Eq. 4.8 can b e written as:

f back projected (x; y) =
�X

� =0

f � (x; y) =
�X

� =0

(xcos(� ) + ysin(� ); � ): (4.9)

Results of the back pro jection is heavily blurred, this is due to oversampling o f the
low frequencies in Fourier domain. Reconstructed image can b e formulated as:

f̂ (x; y) = f (x; y) �
1

p
(x2 + y2)

; (4.10)

where f̂ (x; y) is the reconstructed image, f (x; y) is the real ob jec t map and the
term 1=

p
(x2 + y2) is the p oint spread function (PSF). Equation 4.10 shows that

reconstructed image always comes with a convolution by the PSF [35]. In Fourier
space the PSF app ears as 1/ ! multiplied to F(U,V) . Therefore if the pro jection
images are multiplied with j! j in the Fourier space the e�ect of the PSF would b e
reduced. Convolution/Multiplication of the pro jection vectors in spatial/frequency
domain with a ke rnel is called Fil tered Back Pro jection. A straightforward metho d
to construct a �lter wi th the form of j! j is Ram-Lak �lter. Applying Ram-Lak �lter
emphasizes on the high frequencies more than low frequencies. This �lter sharp ens
the edges in the reconstructed image and ampli�es the noise as well. Increasing
the noise applying Ram-Lak �lter lays the ground for employing other �lters such
as Hamming and Hann �lters. These two �lters generate smo other reconstructions
compared to Ram-Lak �lter, however they keep the noise in an ac ceptable level.
Figure 4.5 depicts the diversity of the �lter resp onse as a function of frequency
which can b e applied for the FBP. In case the imaging pro cess is noisele ss, with
no attenuation, complete and continuously sampled and contains a uniform spatial
resolution, FBP can reconstruct an ob ject almost p erfectly [37, 38, 39], however this
conditions are to o ideal for the real exp eriments. Since we are not able to mo del
the noise and include a-priori knowledge by the FBP, reconstruction problems are
usually handled with iterative techniques to pro duce b etter images.
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Figure 4.5 Frequency response of di�erent �lters applicable for FBP [38].

4.3.3 Algebraic Reconstruction Methods (ARM)

These metho ds are determini sti c reconstruction approaches. They consider an in-
verse problem as a large-scale system of linea r equations as:

2

6
6
4

$ 1

...

$ N

3

7
7
5 F =

2

6
6
4

P1

...

PN

3

7
7
5 ! $F = P; (4.11)

where $ is the system matrix, F is the unknown electric p otential distri buti on and
P is the pro jection matrix. In Eq. 4.11 a ll the elements including the ob ject F

are discrete values. A system matrix is de�ned as me asuri ng the intersection path
length of one sp eci�c li ne of integral within one sp eci�c ob ject pixel. In another
words, $ i;j is the weight of the contribution of the pixel i to the measurement j

which is the length of the intersection b etween the pixel and the pro jected li ne.
Figure 4.6 illustrates the concept of a system m atri x considering that the side of
each square/pi xel is equal to unity [4 0]. As the size of measurement matrix P

dep ends on the size of angular and radial sampling of pro j ections, and the size of F
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Figure 4.6 F1-9 are pixel values and P1-6 are projection values [40].

dep ends on the size of reconstructed i mage, system matrix $ will b e a huge matrix.
Computing the direct inverse of $ is not p ossible [39]. Therefore, to solve the
problem, i.e . to solve the re construc tion problem, �rst an estimate of the unknown
matrix F is taken. Then, iteratively the unknown function F is up dated in a way
that the error b etween the measured pro jections and calculated pro jections declines
( arg min F k P � WF k2 ) or mathematically it can b e written as:

F (k+1) = F (k) + �
Pi k � $ i k :F (k)

$ i k :$ i k

$ i k : (4.12)

Equation 4.12 shows that an up date estimate of the function ( F (k+1) ) is calculate d by
back pro jecting the di�erence of forward pro jection of current estimation ( $ i k . F

(k)

) and deterministic pro jection matrix ( P ), then adding this di�erence to the current
estimation ( F (k) ) with a factor of � .

In seve rely ill p osed conditions, ARM converges to a noisy rec onstructio n, as the
metho d up dates F row by row, i.e. a single pro jection value is used to up date the
F at a time. Therefore, di�erent mo di�cations of ARM such as Simultaneously
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Iterative Reconstruction Technique (SIRT) and Simultaneously Algebraic Recon-
struction Technique (SART) are intro duced to improve the p erformance of ARM;
SIRT up dates F only when all pro jection views are pro cessed and SART up dates
each pixel in F until all rows in one pro jection view a re pro cessed once [39, 41].

4.3.4 Statistical Reconstruction Methods

These metho ds solve the i nverse problem statistically, assuming the unknown Fi is
a random variable which follows a sp eci�c probability distribution function (PDF).
In electron microscopy, as the shot noise is the main source of the noise, the PDF
of the measurements and the noise is mo deled with Poisson statistics. Generally
sp eaking ab out statistica l metho ds, estimation of the unknown random variable F

should maximize the probability of o ccurrence of the measured data. Maximum
Likeliho o d Exp ectation Maximization (ML-EM) is an iterative approach searches
for the closest guess for the unknown variable F [42, 43, 44, 45, 46]. Like algebraic
metho ds, �rstly an approximation F (0) is used to start the iteration and then each
iteration pushes the F (0) to minimize the distance b etween its f orward pro jection
and measured data as shown b e low:

F (k+1)
j = F (k)

j
1

P
i $ ij

X

i

[$ ij
Pi

P
i $ ij F (k)

j

]: (4.13)

As shown in Eq. 4.13, the di�erence b etween the forward pro jection of F (0) and
the measured data P is calculated. Result is back pro jected and multiplied to the
initial guess F (0) to obtain a new estimation for F (k) as F (k+1) . Disadvantage of
applying ML-EM is the convergence of this metho d to noisy images as the noise
tends to incre ase heavily in each iteration. Figure 4.7 depicts the likeliho o d and
the reconstruction error as a function of iteration numb er in ML-EM [47]. It shows
that increasing the numb er of iteration enhances the likeliho o d monotonically, nev-
ertheless it do es not lead to a monotonic decline of the reconstruction error: from
a certain p oint the reconstruction error starts to increase due to the noise contam -
ination of the pro jections. De�ning a stopping crite rion for ceasing the iterations
in early states provides a compromise b etween the noise level and quantitative ac-
curacy. However, there exist deviations of the ML-EM such as median ro ot prior
metho d (MRP) where the dep endency to the stopping criterion is reduced compared
to the ML-EM. In image reconstruction, general tendency is to have smo oth im ages
with sharp edges [48]. In formulating ML-EM, prior knowle dge is not taken into
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Figure 4.7 Likelihood and reconstruction error as a function of number of iteration [47].

consideration and only the like liho o d is supp osed to b e maximized. By employing
the prior knowledge in the ML-EM formulation, we can manipulate the reconstruc-
tion the way we desire. Be low in Eq. 4. 14, it is shown that how a a-priori knowledge
enters the ML-EM formulation:

F (k+1)
j = F (k)

j
1

P
i $ ij + �

@M(F )
@Fj

X

i

[$ ij
Pi

P
i $ ij F (k)

j

]:
(4.14)

New term added to the ML-EM represents the a-prior knowledge. For instance, if
smo othness in the reconstruction is desire d, an averaging term can b e added to Eq.
4.14. The in�uence of the a-prior knowledge can b e control led by � co e�cient [47] .
In such an approach, for up dating a current guess, b e fore multi pl ication of the error
to the current state of the reconstruction, i.e. F (k) , the error is regularized with the
average of F (k) . Figure 4.8 is a diagram of p enalized reconstruction, where if we
eliminate the p enalization te rm , MLEM remains.



4.3. Reconstruction Techniques 39

Figure 4.8 Scheme of the ML-EM with a penalization factor [47].
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5. RESOLUTION MEASUREMENT

APPROACHES

3D electron mic ro scopy aims to depi ct the structure of wide range of sp ecimens
by me ans of di�erent re construc tion algorithms. However, to �nd an optimal data
acquisition approach and reconstruction algorithm, reconstructed tomograms can
b e c ompared ob jectively. For instance, measuring the resolution of a tomogram
can tunnel to the robustness of its acquisition approaches. In this chapter, several
metho ds for resolution assessm ent such as Fourier She ll correlation (FSC), Noise-
Comp ensated Leave-One-Out (NLOO) and determination of e�ective resolution in
incoherent ET are compared.

5.1 Resolution Measurement Approaches

Resolution of a light microscop e is de�ned as the smallest distance b e tween two
p oints on a sp ecimen which are still recognizable as two separate entities. Figure 5.1
illustrates that when two airy discs 1 merge into each other and pass the Rayleigh
criterion 2 they b ecome unre solvable. Microscop e resolution is linked and limi ted
to optical system prop erties and more imp ortantly to the physical prop erties of
particles used for imaging, e.g. in light mi croscopy it dep ends on the wave length of
light source. The theoretical limit of resolution is calculated as:

Resolution / Wave length of light source: (5.1)

Considering Eq. 5.1, electron wave is 100,000 times shorter than visible light which
enables us to resolve much smaller structures with electron microscopy [51].

Having the de �ni ti on of optical resolution in hand, since no external standard is

1A region with bright circular center surrounded by less intense rings [49].
2A criterion for the minimum resolvable detail [50].
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Figure 5.1 Airy disk seperation and the Rayleigh criterion [51].

existing for resolution evaluation in electron tomography, traditional concept of res-
olution is not applicable. Instead, i nternal consistency o f the reconstruction results
is de�ned as the resol uti on in electron tomography [51]. Thus, resolution in ET
tries to estima te the level of details that is de�nitely and re liably presented in the
reconstructed tomogram [19]. Some Fac tors a�ecting the resolution in ET are listed
as b e low:

� Electron dose which directly a�ects SNR

� Acceleration voltage which de�nes electron wave length, for instance

� Vacc = 100 kV, Relativistic wavelength is 3:70 pm

� Vacc = 300 kV, Relativistic wavelength is 1:97 pm

� Vacc = 1000 kV, Relativistic wavelength is 0:87 pm

� Missing wedge

� Optical system prop erties

� Sp ecimen thickness

� Defo cus value

� Alignment accuracy

To de�ne the level of internal consistency in a rec onstructi on, Fourier shell corre-
lation (FSC) is e mployed. But, unlike the single particle analysis (SPA) in which
thousands of tomograms contri bute to reconstruction, in electron tomography, this
metho d is not applicable directly as the tomogram is unique. Among di�erent ap-
proaches prop osed to assess the resolution in ET, those intro duced by Cardone et al.

[52] have re ceive d considerable attention [19]. Based on cross validatio n, the pap er
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intro duces two criteria; one is FSC e=o based on Fourier shell correlation and the
other is Noise-Comp ensated Leave-One-Out (NLOO). These two metho ds calculate
the average resolution in the reconstructed tomograms while for us an indep endent
measure of resolution along Z-direc ti on (direction of electron radiation) i s required
as well. Heidari et al. [53] prop osed a metho d based on PSF measurement to �nd
the e�ective resolution i n X, Y and Z directions indep endently. Here we de�ne X,
Y and Z axes as the horizontal axis of the pro je ction images, the tilt axis, and the
direction of the electron b eam resp ectively.

5.1.1 Fourier Ring/Shell Correlation

Fourier Ring Correlation i n 2D [54] and Fourier Shell correlation i n 3D [55] com-
pare two Fourier transforms. The comparison implies how much the transforms are
correlated with each other; correlation c urve starts at a value close to one at low
frequencies implying p erfect correlation and dec lines to zero by increasing frequency
[56].

Fourier Ring Correlation (FRC) b etween two transforms G and H is given by:

FRCGH (k) =
� u;v2 R(k)Ref Gu;v H �

u;v g

f (� u;v2 R(k) jGu;v j2)(� u;v2 R(k) jHu;v j2)g1=2
; (5.2)

where u and v are comp onents of Fourier transform and k is the radial frequency.
R(k) indicates an annular z one in Fourier space with mean radius of k and asterisk
denotes the comple x conjugate. Fourier Shell Correlation (FSC) is similar to FRC
except for R(k) which is a she ll and the transform obtains three indices (u,v,p) [52].

Notably, resolution is constrained by noise as well as by resolving p ower, and it c an
b e expressed by SNR as:

FSC(k) =
SNR(k)

SNR(k) + 1
: (5.3)

5.1.2 Even/Odd Fourier Shell Correlation

In Single Particle Analysis (SPA), numerous pro jections are exi sti ng. They are di-
vided randomly into two sets and from each half-set a tomogram is reconstructed.
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Applying FSC, resultant tomograms are compared in terms of c onsi ste ncy to mea-
sure the resolution. In ET, numb er of pro jections is signi�cantly low and FSC
underestimates the resolution whe n compared wi th full data set. In the studies,
where a high resolution tomogram is already existing -by SPA- it can b e used as
a re ference for computing FSC ref correlation co e�cients (in this thesis, as we have
the ground truth, FSC ref is applicabl e).

As standard FSC approach cannot b e applied directly in ET, Cardone's mo del pro-
p oses dividing the tilt pro jections in e ven and o dd numb ers [52]. This i s the most
natural approach to generate two inde p endent subsets for reconstruction, since
Fourier space is covered uniformly and pro jection angles are space d equally [52].
From each subse t a tomogram is reconstructed indep endently, so FSC can estimate
the resolution by measuring the correlation b etween Fourier transform of the tomo-
grams. As al re ady discussed, maximum spatial resolution in which the tomograms
are mutuall y consistent is considered as the resolution of the tomograms [19]. How-
ever, dividing the tilt series into even and o dd subsets doubles the angular ste p
size b etween pro jections, thus according to Eq. 3.2 the resolution wil l b e underesti-
mated by the factor of 0.5. Theoretically, FSC e=o underestimates the resolution by
the factor of 0.5 while in practice noi se plays more se vere role in constraining the
resolution. To gain more realistic re solution considering noise, FSC e=o is rede�ned
as:

FSCe=o(k) =
2FSC� (k)

FSC� (k) + 1
; (5.4)

where FSC � is the FSC b etween the two reco nstructed tomograms. It is very im-
p ortant to consider that, since o dd tilt pro jections are involved in generating one
tomogram and evens are involved in rec onstructing the o the r one, adjacent tilt pro-
jections are not contributing in generating the same tomogram. Therefore, if the
degree of overlap b etween adjacent tilt pro jections is low, then underestim ati on of
resolution will increase. So, when the diameter of a structure is large or when the
angular step size is big , the indep endency b etween tomograms will enhance and thus
the resolution underestimation [52].

5.1.3 Noise-Compensated Leave-One-Out (NLOO)

Another metho d prop osed by Cardone et al. is NLOO [52]. In this approach, for
each tilt pro jection a tomogram i s reconstructed from full tilt series excluding the
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pro jection under evaluation. Then the tomogram is re-pro jected in the direction
of missing pro jection. Leaving out one pro jec ti on in the reconstruction causes the
resolution of the tomogram to b e very close to that of the complete tomogram. Syn-
thetic pro je ction and missing pro jection are compared in terms of FRC to provide
the e�ect of missing pro jection on the resolution [19]. This metho d is computation-
ally exp ensive, however it allows to draw the resolution against tilt angle to assess
the dep endency of the resolution to the directio n o f pro jections. Such an evaluation
is helpful when we aim to reduce the e�ect of missing wedge on the reconstruction.
Figure 5. 2 plots the dep endency of the resolution as a function of til t angle; generally
increasing the tilt angle decline s the resolution. Also, the plot can b e considered as
an indicator of the sp ecimen damage ; moving toward high angles (in this case high
p ositive angles) inconsistency increases, thus the resolution decrea se s [52].

Figure 5.2 NLOO-2D of a cryo-tomogram plots the resolution as a function of tilt angle.
Resolution is measured based on two cut-o� thresholds: 0.3 and 0.5 [52].

Ab ove-mentioned description is simila r to l eave-one-out cross validation m etho d.
Since pro jections and re-pro jecti ons contai n di�erent noise statistics, noise sho ul d
b e c omp ensated: noise in re-pro jections is lower than pro jections prop ortional to
the numb er of pro jections. To estimate the noise, di �e rences b etween a pro jection
and its corresp onding re-pro jection from a tomogram which is generated by all
input pro jections are computed. Now, the discrepancy b etween a pro jection and its
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corresp onding re-pro jec tion from a tomogram created without tha t pro jection can
b e wri tte n as:

NLOO � 2D(k) =
FRCG ~G� (k)
FRCG ~G(k)

; (5.5)

where G is a pro jection, ~G is the c orre sp onding re-pro jection to G from a com-
plete tomogram and ~G� is the corresp onding re-pro jection to G from a tomogram
without G. In addition, FRCG ~G� (k) and FRCG ~G(k) are de�ned according to Eq.
5.2. The denominator is the noise comp ensation term. Equation 5.5 is proved in
the app endix of [52], where it has b een shown how Normalized Squared Di�erence
b etween tomograms is stated with their FRC to ease the representation of NLOO.
NLOO-2D provides a resolution for each slice, and by p erforming furthe r summation
it is p ossible to extend it to a 3D representation for Np input pro jections as b elow:

NLOO � 3D(k) =

�
N p
i � u;v 2 R ( k ) Ref G( i )

u;v ~G� ( i ) �
u;v g

q
�

N p
i � u;v 2 R ( k ) jG( i )

u;v j2
q

�
N p
i � u;v 2 R ( k ) j ~G� ( i )

u;v j2

�
N p
i � u;v 2 R ( k ) Ref G( i )

u;v ~G( i ) �
u;v g

q
�

N p
i � u;v 2 R ( k ) jG( i )

u;v j2
q

�
N p
i � u;v 2 R ( k ) j ~G( i )

u;v j2

: (5.6)

Theoretically, we exp ect that NLOO estimates the resolution more realistically com-
pared to FSC e=o. The reason is that numb er of images contributing to the c omputa-
tion of NLOO is higher than FSC e=o. To depict this conclusion, resolution measure-
ment a pproaches applying FSC ref , FSC e=o and NLOO are compared in Fig. 5.3a
to c. To do so, resolution of a reconstructed tomogram with angular steps of 1� ,
2� and 4� is assessed with the mentioned metho ds. If we consider FSC ref as the
most accurate estimation of the resolutio n, re sults show that NLOO approxi mates
the resolution closer to FSC ref compared to FSC e=o. Increasing the step size, i .e.
decreasing the numb er of pro jections, intensi�es the resolution underestimation in
FSC e=o more than NLOO (see Fig. 5.3c). Furthermore, consideri ng only one res-
olution measurement approach, for instance FSC ref , the results demonstrate that
decreasing the numb er of pro jections reduces the resolution. Considering FSC ref ,
0.5 correlation criteria o ccurs at 0.07, 0.06 and 0.05 1/Å when the step siz e is 1� , 2�

and 4� resp ectively [5 2].
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(a) (b)

(c)

Figure 5.3 Comparison of FSCref , FSCe=o and NLOO in measuring the resolution from
one tomogram. Tilt angle ranges between -68� to + 68� with angular increment of a) 1� b)
2� and c) 4� [52].

5.1.4 E�ective Estimation of Resolution in Incoherent Elec-

tron Tomography

Indep endent resolution determination along X, Y and Z axes enables us to survey the
e�ect of di�erent approaches in data acquisition and data reconstruction in each axis
separately. Sp eci�cally, measuring the elongation arti fact in Z-direction provides an
imp ortant insight to assess data acquisition metho ds. As already mentio ne d, FSC e=o

and NLOO do not take the resolution anisotropy into account [53 ] and estimate the
average of resolution in all axes. The re fore, employing directional p oint sp eared
function (PSF) can contribute to determination of resolution in each direction.
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(a) (b) (c)

Figure 5.4 a) Central slice of the reconstructed tomogram on XZ plane. b) Intensity
pro�le (a) along the Z-axis as the function of distance from the center of tomogram. c)
Fitting (b) on a hypothetical circle, in which the radius of the circle (r) represents the
distance where the intensity is equal to (z1 + z2)/2 [53].

Measuring the PSF in Z-direction is a ppl ied on gold particles where the intensity of
the reconstructed tomograms is theoretical ly constant. Considering this assumption,
two p erp endic ul ar slices from the cente r of re construc te d tomogram are taken. From
the slices, three intensity pro�les along the X, Y, and Z axes are extracted. Figure
5.4a shows the ce ntral section on XZ plane and Fig. 5.4b depicts the intensity pro�le
along X-axis. Exp ectedly, the edges of the particles pro duce a step edge convolved
with a 1D PSF, cal led Edge Spread Function (ESF). Now, to �nd a mathematical
representation of ESF, intensity pro�les are �tted in a sigmoid mo del as [53]:

ESF (x) =
z1

1 + exp( r � x
� )

+
z2

1 + exp(� r � x
� )

; (5.7)

where, z1 and z2 are the intensities of the gold particle and the background resp ec-
tively. x is the pixel numb er and r is where the intensity exactly stays b etwee n z1

and z2 and � de�nes the width of step function (see Fig. 5.4c). Since PSF is the
�rst derivative of ESF, calculating the �rst derivative of Eq. 5.7 results in a logistic
distribution. The Full Width a t Half Maximum (FWHM) of this distribution is
the approximation of resolution which is equal to 3.53 � . Figure 5.5 illustrates the
relation b etwe en ESF and PSF and how to determine resolution from FWHM in
PSF which is equal to 0.35 3 � in ESF [53].
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Figure 5.5 The schematic of resolution determination using ESF and PSF. FWHM
de�nes the resolution which is equal to 3.53 of� [53].
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6. MATERIALS AND METHODS

To comprehend the e�ect of di�erent factors in el ectron microscopy, several exp eri-
ments were designed to examine the role o f each in image formation. To implement
the exp eriments, TEM-simulator develop ed by H. Rullgård et al. [10] was e mployed.
Numerical phantoms are system's input and pro jection images are the output of the
simulator. In this chapter, �rstly we will explai n the structure of two synthesized
phantoms: 1) a high resolution phantom of a Male-Sp eci�c bacteriophage 2 (MS2
bacteriophage) and 2) a medium resolution phantom representing a texture of cells.
Secondly, the EM adjustments for each exp erime nt are demonstrated. However, as
the simulator is comprised of m any compartments, we will only fo cus on those which
are relevant to our work.

6.1 Numerical Phantoms

6.1.1 MS2 Bacteriophage Phantom

To provide a phantom presenting realistic distribution of electron density within a
molecule, MS2 bacteriophage is selected. Protein Data Bank (PDB) as the single
rep ository of information ab out the 3D structures of proteins, nucleic acids and com-
plex assemblies [57] archive s the structure of lots of macromolecules such as MS2
bacteriophage. The PDB f ormat is a standard re pre sentation of macromolecular
structure data created in 1970 and used by numerous software packages till to day.
The PDB �le s are derived from X-ray di�raction and Nucl ear Magnetic Resonance
(NMR) studies [58]. The structure of a MS2 bacteriophage is discussed in de tail
in [59] and its PDB �le is downloaded from [60]. The �le sp eci�es the structure of
one unit of MS2 virus. To construct a bigger representation of the virus, several
transformations are applied on this unit. Since the PDB format is not a voxel-based
representation of the structures, we converted the PDB �les to Me dical Research
Council (MRC) format to employ them as phantoms; The MRC b ecomes an indus-
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(a) (b)

(c) (d)

Figure 6.1 150th slice of MS2 bacteriophage phantom: a) YZ view b) XZ view c) XY
view. d) 3D view of the phantom.

try standard in cryo electron microscopy [61] and represents the map of electron
density distribution. Moreover, we can de�ne the voxel size b e fore converting the
PDB format to MRC. I n our work, to generate a high resolution phantom, voxel
size i s selected as 0.1 nm. We will call this phantom MS2 bacteriophage phantom or
shortly MS2 phantom. Figure 6.1 illustrates the 150 th slice of the phantom in YZ,
XZ and XY view in addition to its 3 D representation. Al so, Table 6.1 demonstrates
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the numerical prop erties of the phantom; a 300 � 300 � 300 volume with the electro-
static p otential distribution in the range of 4.8 to 11.9. As MS2 phanto m contains
more details, it is employed for �nding the optimal data acquisition parameters such
as acceleration voltage, de fo cus value and electron dose. In terms of 3D reconstruc-
tion, MS2 phantom is more suitable for high resolution reconstruction techniques
such as Single Particle Analysis (SPA) but not for the electron tomography; as the
voxel size is 0.1 nm, generating an acceptable pro je ction with appropriate contrast,
magni�cation and meanwhile preserving the Nyquist sampling frequency requires
high electron do se for each single pro jection. Imaging under this condition is not
p ossible in ET as tens of pro jections are needed which pushes the total electron dose
much higher than the allowable dose limits.

Table 6.1 Properties of MS2 and cellular texture phantoms.

Voxel Vol um e Vol ume Min. Max.
Prop erty Size Size Size Electro- Electro-

static static
( nm) (pixel) ( nm) Potential Potential

MS2
Bacteriophage 0.1 300 � 300 � 300 30 � 30 � 30 4.8 11.9
Phantom

Cellular
Texture 2.5 256 � 256 � 100 640 � 640 � 250 0.1 2.5722
Phantom

6.1.2 Cellular Texture Phantom

For the simulation of electron tomography, a 3D phantom i s required in which
its pro jections c ontain decent SNR and contrast, even under low dose microscopy.
Therefore, a representation of cellular texture is generated as a phantom with 2.5
nm voxel size and 640 � 640 � 250 nm length in X, Y and Z directions resp ectively.
This phantom do es not require high magni�ca ti on for prop er imagi ng and preserving
Nyquist sam pl ing frequency. Figure 6.2 illustrates the 128 th slice of the phantom
in XZ and YZ pl anes, 50 th slice in XY plane and its 3D representation; cells are
demonstrated as circles centered at random l o cations, containing random electric
p otentials b etween 0.1 and 2.57. Numerical prop erties of the phantom are presented
in Table 6.1.
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(a) (b)

(c) (d)

Figure 6.2 128th slice of cellular texture phantom: a) YZ view b) XZ view. c) 50th slice
of cellular texture phantom in XY view. d) 3D view of the phantom.

6.2 Detector Calibration

Detector parameters such as C gain , C dqe and MTF -describ ed in chapter2- are c ali-
brated o�-line, i.e. indep endent of any sp ecimen. To calibrate the detector, blank
images of real TEM and TEM simulator at a certain electron dose are compared.
C gain calibration dep ends on average numb er of counts in the readout and C dqe ad-
justs the agreement of variance b etwe en simulated and exp erimental data. Calibra-
tion and setting of the MTF param eters contribute to agreement b etwee n the p owe r
sp ectra of the two blank images [10]. Table 6.2 de�nes Det.1 and Det.2 settings
applied for detector adjustment; Det.1 setting is used in the of case MS2 bacterio-
phage phantom and Det.2 setting is applied whe n the cellular texture phantom is
employed. Cal ibration of the MTF parameters i n Det.1 and Det.2 are extracted
from [10] and [24] resp ectively.
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Table 6.2 Det.1 and Det.2 are two settings for detector parameters.

Pro- Detector Pixel C gain C dqe MTF MTF MTF MTF MTF
p erty Plane Size -a -b -c - 
 1 - 
 2

(Pixel) ( nm)

Det.1 400 � 400 15 10 0.4 0.7 0.2 0.1 10 40

Det.2 1024 � 1024 10 2 0.7 0.46 0.22 0.25 1724 24.5

6.3 High Resolution Imaging

For high resolution i maging, MS2 bacteriophage phantom which is e mb edded in ice
is employed -the thickness of ice is 100 nm in the edge and 50 nm in the center.
The impact of defo cus value, ac celeration voltage and ob jective diaphragm size are
assessed wi th the resolution of 5 Å i n 0� tilt a ng le; to refer to each exp erime nt easier,
we call them Exp. Defocus, Exp. Acc_voltage and Exp. Obj_diaphragm resp ectively.
Total dose is set to 4000 e-/ nm2 . Only in one exp eriment under the c ategory of
assessing acceleration voltage , total dose i ncreases from 4000 e-/ nm2 to 6800 e-
/ nm2 ; this exp eriment is ca lled Exp. Acc_voltage � . The aim of thi s exp eriment
is to compare b etween contrasts pro duce d by high acceleration voltage and high
electron dose in one hand, and low acce leration voltage and low electron dose on the
other hand. Those factors which remain constant during high resolution imaging will
b e describ ed in Table 6.3 and those which change corresp onding to each e xp eriment
are de�ned in Table 6.4.

Table 6.3 Constant parameters of the simulator for high resolution imaging.

Magni�- Spherical Chromatic Fo cal length of Ap erture Beam
cation ab erration a ab erration b the primary angle of the energy

lens condenser spread
(mm) (mm) (mm) (milliradian) (eV)

30000 2 2 3 0.1 1.3

aAn optical problem occurs due to increased refraction of light rays when they strike a lens
close to its edges, in comparison with those that strike closer to the center [62].

bA common optical problem which happens when a lens either does not bring all wavelengths of
color to the same focal plane, and/or when wavelengths of color are focused at di�erent positions
in the focal plane [63].
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Table 6.4 Defocus value, acceleration voltage, objective diaphragm size and total electron
dose for high resolution imaging.

Exp eriment Defo cus Acceleration Ob jective Total Phantom
Value Vol tage diaphragm size dose
( µm) (kV) ( µm) (e/nm 2 )

Exp. 6 100,200,300 50 4000 MS2
Acc_voltage

Exp. 6 300 50 6800 MS2
Acc_voltage �

Exp. 0,2,4,8 200 50 4000 MS2
Defo cus

Exp. 6 200 10,50,100 4000 MS2
Ob j_diaphragm

6.4 Medium Resolution Imaging

To e valuate the e�ect o f di�erent dose and angular distribution metho ds under the
context of low dose electron tomography, cellular texture phantom is employed. Li m-
ited total electron dose and sp ecimen thickness push the resolution to medium range
-here 1 nm. Despite the limitations mentioned in the theoretical sections, to present
b etter comparisons among di�erent dose and angular distribution approache s, higher
electron dose and resolution are selected. Six exp eriments (Exp.1-6) are designed to
explore the role of dose and angular distributions on image formation.

To design the exp eriments, range of tilt angles is selected b etween � 60� and 60� .
In the �rst three exp eriments (Exp.1-3) only dose distribution mo dels are consid-
ered. Constant, cosine and inverse-cosine 1 mo dels of dose distribution are assessed
while the total dose is constant. These three exp eriments (Exp.1-3) a cquired by 1�

incremental steps resulting i n 121 pro jections. Then, two exp eriments individually
sp eci�ed for angula r distribution. Exp eriments 4 and 5 employ Saxton and inverse-
Saxton 2 metho ds for distributing 121 angular steps b etween � 60� and 60� while
their dose distribution fo llows constant mo del. To de�ne the initial increment step

1Distribution of electron dose is opposite to the cosine model of electron distribution. Therefore,
projections with lower angles (around zero) receive higher electron dose and increasing the tilt angle
declines the number of irradiated electrons.

2Opposite to Saxton angular distribution; sampling rate is high at low angles (around zero) and
declines by increasing the tilt angle.
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Table 6.5 Constant parameters of the simulator during Exp.1-6.

Acceleration Beam Ob jective Defo cus Magni- Resolu- Total
voltage energy diaphragm value �cation tion dose

spread size
(kV) (eV) ( µm) ( µm) (nm) (e-/nm 2 )

300 0.7 20 6 10000 1 30250

Table 6.6 Summary of angular and dose distribution methods for Exp.1-6.

Exp eriment Angular distribution Dose distribution Phantom

Exp.1 1 � constant mo del cellular te xture

Exp.2 1 � cosine mo del cellular te xture

Exp.3 1 � inverse-cosine mo del cellular te xture

Exp.4 Saxton metho d constant mo del cellular te xture

Exp.5 inverse-Saxton metho d constant mo del cellular te xture

Exp.6 Saxton metho d cosine mo del cellular te xture

for the Saxton metho d, we need to de�ne the desired numb er of angular ste ps or
a limitation for the minimum exp osure time/minimum electron dose. To take the
latter strategy, the initial increment step was altered iteratively so that the condi-
tion of minimum electron dose was observed -the same approach is applied to �nd
the i nitial increment step in inverse-Saxton metho d. I n our e xp eriments, to b e able
to compare the results of di�erent exp eriments, total numb er of steps is selected as
121 which leads to 1:25� and 0:64� as initial inc re ment ste ps in Saxton and inverse-
Saxton mo dels. Lastly in Exp.6, Saxton metho d of angular distributi on is combined
with cosine mo del of dose distribution to assess i f the combination can enhance the
quality of re construc tion b etter than the other metho ds.

Parameters which are constant among all the exp eriments are shown in Table 6.5
(values related to spherical ab erration, chromatic ab erration, fo cal le ngth o f the
primary lens and ap e rture angle of the condenser lens can b e found in Table 6.3).
Imaging resolution is 1 nm according to 10,000 magni�cation and 1µm detector
pixel size. Table 6.6 shows the summary of angle and dose distribution metho ds
employed for each exp eriment. Also, in the app endix precise va lues of the tilt angle
and electron dose for each study are entailed.
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7. RESULTS AND DISCUSSIONS

In the previous chapters, we intro duc ed the theoretical backgrounds required for the
data acquisition and reconstruction stages. We synthesized two numerical phantoms
and designed several exp eriments, each of which demonstrates a data acquisition
mo del. To compare the electron tomograms, we suggested various means of res-
olution measurement. This chapter presents the results of the exp eriments and
evaluates them qualitatively and quantitatively. The order of the chapter is to
�rstly demonstrate and discuss pro jections of di�erent TEM settings (optimal TEM
adjustments are applied in exp eriments 1-6). Se condly, reconstructed tomograms
from di�erent dose and angular distribution mo de ls are assessed and compared in
terms of RMS, resolution and elongation values. Table 6.4 and 6.6 of the previous
chapter demonstrate the name and fea tures of each exp eriment.

7.1 Acceleration Voltage

Acceleration voltage a�ects image formati on in di�erent contexts: sp ecimen dam -
age, mean free path, dose and contrast. Figure 7.1a-c show the pro j ections of MS2
phantom acquired from Exp. Acc_voltage where the voltage varies from 100 kV to
300 kV while the dose is kept constant. Results show the variation of the contrast
with resp ect to the acceleration voltage: e lectrons with low energy levels (accel-
erated with a low voltage) pro duce pro jections with b etter contrast compared to
the electrons with high energy levels. Since highly accelerated electrons pass the
sp ecimen with fe wer interactions, their corresp onding pro jections su�er from low
contrast (compare Fig. 7.1a and c). In addition, Fig. 7.1d depic ts the output of
the Exp. Acc_voltage � in which we intensi�ed the electron dose for a constant ac-
celeration voltage. I n Fig. 7.1d acceleration voltage is 300 kV and electron dose
increased from 4000 e-/nm 2 to 6800 e-/nm 2 . As increasing the acceleration voltage
(till a certain p oint) decreases the sp ecimen damage, we can irradiate the sp ecimen
with more electrons. Result of this exp eri ment indicates that we can comp e nsate
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the low contrast of the high acceleration voltages with dose augmentation (compare
Fig. 7.1a and d). To c onclude, note that to select an optimal acceleration volt-
age, typ e of the sample -organi c/inorganic, sp ecimen thickness, sp ecimen damage,
resolution and contrast of the pro jections should b e considered at the same time.
For imaging a thin bio-sample low voltages � 80-120 kV are preferred. Increasing
the sample thickness requires higher acceleration voltage. Keeping the sp ecime n
thickness constant, intensifying the acceleration voltage reduces the contrast. Mo re -
over, high resolution imaging requires hi gh accele ra ti on voltages > 300 kV due to
the shorter electron wave length in high voltages c ompared to the low ones. As the
exp eriments are simulation, we ca nnot cover the e�ect of sp ec imen damage, however
in real imaging either of very low and very high acceleration voltages damage the
sp ecimen.

(a) (b)

(c) (d)

Figure 7.1 E�ect of acceleration voltage on image formation (MS2 phantom): a) 100 kV
b) 200 kV c) 300 kV, when electron dose is 4000 e-/nm2. d) The acceleration voltage is
kept at 300 kV while the electron dose is increased to 6800 e-/nm2.
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7.2 Defocus Value

To evaluate e�ect of defo cus value on image formation, MS2 phantom was employed.
The defo cus value was altered from 0 to 8µm while other factors rema ined constant
(see Exp. Defo cus in Table 6.4). Resultant pro jections of b oth noisy and noiseless
simulations are depicted in Fig. 7.2; original images are 400 � 400 pixels, however
images presented here are cropp e d to 100 � 100 pixels from the ce nter.

To compare the results ob jectively, Fig. 7.3 plots the intensity pro�les of b oth noisy
and noiseless simulations of Fig. 7.2. The plots indicate how the outcome of an
in-fo cus imaging (defo cus is 0µm) drowned in noise and lacks a meaningful pro�le.
By increasing the defo cus value from 0µm to 8µm the variance of the background
reduces, the contrast improves and the si milarity b etween the intensity pro�le of a
noiseless pro jection with its c orre sp onding noisy pro jection enhances. The reason
is that large defo cus values cause interfering of the scattered and unscattered elec -
tron waves which e nha nc es the contrast of the pro jections. Nevertheless as a re sul t,
increasing the defo cus value reduces the resolution of the pro jections. Note that
the defo cus value determines the �rst zero-crossing of the CTF function as well.
So, a compromise b etween an appropriate contrast and preserving the detail s of the
sp ecimen i s required; we select the largest defo cus value with resp ect to the highest
desired resolution. If the desired resolution is b eyond the �rst zero-crossing of the
CTF, then the acquired pro jections should b e de-convoluted by their CTF function.
As it is mentioned b efore, CTF correction is not required in el ectron tom ography
when the acquired re solution is within the �rst CTF zero-crossing p oint. In the
current study, defo cus value is se lected in the range of 4- 8µm to generate pro jec-
tions with acceptable contrasts and in the meantime preserving the high resolution
structures of the phantoms.
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Figure 7.2 Noisy (left column) and noiseless (right column) presentations of the projec-
tions under di�erent defocus values (MS2 phantom): a,b)0µm c,d) 2µm e,f) 4µm and
g,h) 8µm.
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Figure 7.3 Intensity pro�les of the noisy and noise-free simulation pairs: a) 0µm b)
2µm c) 4µm and d) 8µm. Red and blue lines plot the noisy and noise-free simulations
respectively.
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7.3 Objective Diaphragm

Figure 7.4 illustrates the pro jections resulted from di�erent ob jec tive diaphragm size
( 10µm, 50µm and 100µm) while MS2 phantom is employed. Theoretically, we ex-
p ect that diminishing the ob jective diaphragm size b o osts the contrast and declines
the brightness of the pro jections by intercepting hig hl y de�ected electrons. Consid-
ering Fig. 7.4, among the pro jections sli ght di�erences of contrast are detectable.
The pro jection acquired from a small ap erture size ( 10µm) app ears sharp er com-
pared to the one corresp onding to 100µm ap erture size . Diminishing the diaphragm
size results in interception of large numb er of electrons de�ected even with low an-
gles. Thus, only those electrons which exp erience no electron-sp ecimen i nteraction
or e xp erience it very weakly are allowed to pass smal l diaphragms. In such a con-
dition pro jections contain sharp er features. By enlarging the diaphragm size, even
those electrons which are highly de�ected by the interactions may pass the ap erture
and degrade the resultant pro jections in terms of contrast. Asse ssi ng the brightne ss
of the pro jections, we can observe in Fig. 7.4a to c that the brightness is intensi�ed
as the diaphragm size enlarges: cold colors of the background alters to warm, since
a large diaphragm size al lows more electrons to pass and hit the detector.

At the end, to have a concise prese ntation of the e�ect of di�erent TEM se tti ng s
on image formation, we summari zed them in Table 7.1. This table demonstrates
the e�ect of increasing and decreasing of the acceleration voltage, defo cus value and
ob jective diaphragm size on the pro jecti ons.

(a) (b) (c)

Figure 7.4 Results of variation in objective diaphragm size (MS2 phantom): a)10µm b)
50µm and c) 100µm.
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Table 7.1 E�ect of di�erent TEM settings in a summary.

TEM setting Increasing the value Decreasing the value
Defo cus value Enhances the contrast Reduces the contrast

Blurs the high resolution struc-
tures

Preserves the high resolution
structures

Reduces the contrast Enhances the contrast
Thicker sp ecimens can b e ap-
plied

Suitable for thin samples and
biological sp ecimens

Acceleration
voltage

Improves the resolution Declines the resolution

Increases the sp ecime n damage
by kno ck-on e�ec t

Increases the sp ecime n damage
due to increasi ng the inelastic
interactions

Enhances the allowable total
dose

Ob jective Reduces the contrast Enhances the contrast
diaphragm
size

Enhances the average numb er
of electrons hitting the detec-
tor

Decreases the ave rag e numb er
of electrons hitting the detec-
tor
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7.4 Dose Distribution

In electron tomography, sp ecimen da mage is an imp ortant factor forcing us to con-
sider deeply how to sp end our li mited numb er of electrons; we desire the highest
isotropic resolution with the lowest sp ecimen damage. Here, results of di�erent dose
distribution approaches are assessed in the pro jection stage.

In the case of the c onstant dose distribution all pro jections receive equal numb er of
electrons, i.e. 30250/121 = 250 e-/nm 2 for 121 pro jections. When dose distribution
follows the c osine or inverse-cosine mo de ls, numb er of electrons p er pro jection is
relative to the cosine of the tilt angles. In the cosine mo del, the pro jections with
low tilted angles receive fewer electrons si nce the e�ective thickness of the sp ecimen
is small. Tilting the sp ecimen toward high angles enhances the sp eci men thickness
which ne cessitates electron dose increment. For instance, in � 60� the sp ecimen
thickness is doubled in comparison to 0� , thus the electron dose. The cosine mo del
of electron distribution contributes to keeping the SNR level approximately con-
stant in a ti lt series. In the inverse-cosine mo del of e lectron distribution, we decline
the numb er of electrons by increasing the tilt angle, so that the low angles are ir-
radiated with more el ectrons compared to the highly tilted angl es. Applying the
inverse-cosine mo del intensi�es the contribution of low tilted angles in the recon-
struction compared to the high angles. Figure 7.5 pl ots the generated intensities
of the constant, cosine and inverse-cosine mo dels against the tilt angles, when no
sp ecimen is involved. Considering the pro jections in the range of 0� - 60� , intensity
of the constant mo del drops exp onentially due to i ncrement of the transience path.
Intensity of the inverse-cosine mo del declines steeply, since dose distribution mo del
strengthened the e�ect of the transience path increme nt. In this case, pro jections
corresp onding to the l ow angles are almost 4 times brighter compared to the high
angles. Intensity of the pro jections related to the cosine mo del of dose distribu-
tion is kept approximately constant throughout the tilt range (almost till 50� ). The
reason is that we comp ensated the e�ect of the transience path increment in the
high angles by irradiating them with more electrons. To pro duce an al most p erfe ct
constant intensity against the tilt angles, the cosine mo del can b e substituted with
an exp onential mo del of dose distribution.

To study more illustratively ab out the di�erences among dose distribution mo dels,
Fig. 7.6 depic ts the results of Exp.1-3 (Table 6.6 de�nes the exp eriments) where
each row corresp onds to a mo del: the constant, cosine and inverse-cosine mo dels
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(a) (b) (c)

Figure 7.5 Average intensity measured by detector from an area where the specimen is not
present -rows 1:100- for di�erent dose distribution methods: a) Constant model b) Cosine
model C) Inverse-cosine model.

are arranged from top to b ottom. Pro jections are acquired from the cellular texture
phantom. Total dose i s 30250 e-/nm 2 and the numb er of the pro jections is 121 for all
three exp eriments. Moreover, each column represents a micrograph corresp onding to
0� , 30� and 60� tilted sp ecimen from left to right. Comparing the images horiz ontally
-intra mo del, increasing the tilt angle reduce s the contrast, as the e�ective sp ecimen
thickness enhances. Moreove r, average numb er of electrons reaches to the de te ctor
declines and deteriorates image formation in high angles (see the gradual alteration
of warm colors into col d col ors in each row of Fig. 7.6; range of the color-bars is
constant for all the sub�gures). Comparing the images ve rti cally -inter mo del for
the same til t angle- shows that in low angles the contrast of the inverse-cosine mo del
is b etter than the other two metho ds. However, by increasing the ti lt angle contrast
in the constant and inverse-cosine mo dels drops dramatically. In high angles the
cosine mo del results in the b est contrast compared to the other me tho ds. Applying
the cosine mo del keeps the SNR constant in a tilt series.

To illustrate the e�ect of electron dose on contrast, intensity pro�les corresp ond-
ing to 0� tilt angle of Exp.1-3 (�rst column of Fig 7.6) are depicted in Fig . 7.7.
The pro�les are extracted from the 512 th row of the pro jections. In 0� angle, the
electron dose of the constant mo del is 250 e-/nm 2 , for the cosine mo del is 197.8
e-/nm 2 and for the inve rse-cosine mo del is 398.2 e-/nm 2 . The pro�les indicate that
applying higher ele ctron dose generates sharp er e dg es and enhances the contrast;
the di�erence b etween highest and lowest intensities in Exp.3 i s approximately 350
units while in Exp.1 and 2 is ab out 200 and 150 units resp ectively.
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To conclude, i t is guaranteed that the dose increment enhances the SNR. However
as the total dose is highly restricted, it is imp ortant to consider how we distribute
the dose in a tilt series to reconstruct high quality images. E�ect of di�erent data
acquisition metho ds on the reconstruction will b e evaluated in the following sections.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 7.6 Each row of �gures corresponds to a model of dose distribution: constant,
cosine and inverse-cosine models from top to bottom. Each column of �gures corresponds
to a tilt angle: 0, 30 and 60 degrees from left to right. Projections are acquired from the
cellular texture phantom.
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Figure 7.7 Intensity pro�les corresponding to 0� tilt angle for constant (red line), cosine
(green line) and inverse-cosine (blue line) models of dose distribution.

7.5 Reconstruction of Di�erent Data Acquisition Methods

Noise, missing wedge and slab geometry of the sample cause resolution anisotropy
in di�erent directions of the reconstructed tomograms. To enhance the resolution,
diverse approaches of dose and angular sampling are examined through Exp.1-6
(Table 6.6 de�nes the exp e ri ments). Acquired pro jections form the ce llular texture
phantom are reconstructed with FBP algorithm applying Hamming �lter with the
cut-o� frequency of 0.5 � Nyquist frequency. After re construc tion, to prepare the
images for quantitative comparisons, �rstly al l negative value s are set to zero. Then,
the dynamic range of images is scaled to the range of the ground truth. To do so,
a li ne ar transformation is required to minimize the squared average of di�erence
b etween ground truth and reconstructed images. Figure 7.8 and 7.9 show the middle
slice of the reconstructed tomograms of the cell texture phantom from Exp.1-6 in
XZ and XY planes resp ectivel y. As already mentioned, we de�ne X-axis as the
horizontal axis of the pro jection images, Y as the tilt axis, and Z as the direction of
the electron b eam.

Comparing the images sub jectively in te rms of dose distribution in Exp.1-3, the
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cosine mo del generates images with sharp edges and low elongation in Z-direction.
Saving electrons from low tilted angles and sp ecifying them in high tilts leads to
more homogeneous se ri es of pro jections -the average of detected intensity is almost
constant for all pro jections- and more edge-preserved reconstructions. With this
approach, we equalize the role of all angle s in the image reconstruction. In the
other words, the cosine mo del o f dose distribution neutralizes the e�ec t of increment
of the transience path during the sp eci men tilt. Thus, pro jections from the high
tilts obtai n the same contribution in the im age reconstruction as the pro jections
of the low ti lted angl es. On the other hand, e mploying the constant and inverse-
cosine dose distribution metho ds deemphasize s the SNR of the high angles and
thus their co ntribution in the image reconstruction. As a result, the elongation
artifact increases and the resolution in Z-direction decli ne s. So, the more the role of
the high tilts decreases, the more the elo nga ti on artifact intensi�es. Consequently,
reconstruction of the pro je ctions acquired from the inverse-c osine mo del su�ers more
from the elongation artifact com pare d to the constant mo del of dose distribution.

Comparing the data acquisition approaches in terms of angle distribution, recon-
structions of the exp eriments 1, 4 and 5 should b e taken into account. As mentioned,
FBP algorithm applying Hamming �lter with the cut-o� frequency of 0.5 � Nyquist
frequency is empl oyed for the reconstruction task. Dose distribution for these three
exp eriments ob eys the constant mo del, so they di�er only in the angle distribu-
tion metho d. Referring Fig. 7.8 and 7.9, Saxton's mo del reduced the elongation
artifact more than other approaches which implies that increasing the sampling
rate in the high angles enhances the resolution in Z-direction. Employing Saxton's
mo del causes oversampling of the Fourier space in the regions close to the m issing
wedge. Therefore, we comp ensate the lack of SNR in highly tilted angles with the
increment of the sampling f requency. Assessing the other angular sampling mo dels
veri�es the conclusion: applying the inverse-Saxton mo del and the constant mo del
of angle distribution has adverse e�ects on the reconstruction due to undersampling
of the regions near to the missi ng wedge. Note that, when the cosine mo del of
dose distribution and Saxton's approach combine together in Exp.6, the resultant
reconstruction is b o osted and shows the b est sub jective results. The reason is that
we intensify the SNR of the pro jections corresp onding to the high angles and in-
crease the sampling rate in the regions cl ose to the missing wedge at the same time
resulting in a signi�cant reduction in the elongation artifact.



7.5. Reconstruction of Di�erent Data Acquisition Methods 68

(a) (b)

(c) (d)

(e) (f)

(g)

Figure 7.8 a) Ground truth (cellular texture phantom). b-g) Reconstructed images of
Exp.1-6 in XZ plane, employing FBP algorithm applying Hamming �lter with cut-o� fre-
quency of 0.5� Nyquist frequency. Color bar for all �gures ranges between 0 and 1.5.
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(a) (b) (c)

(d) (e) (f)

(g)

Figure 7.9 a) Ground truth (cellular texture phantom). b-g) Reconstructed images of
Exp.1-6 in XY plane, employing FBP algorithm applying Hamming �lter with cut-o� fre-
quency of 0.5� Nyquist frequency. Color bar for all �gures ranges between 0 and 1.5.
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7.6 Quantitative Assessment

7.6.1 Root Mean Square (RMS)

Ro ot mean square (RMS) values corresp onding to Exp.1-6 in XZ and XY planes are
presented in Table 7.2. De�nition of each exp eriment is describ ed in Table 6.6.
As stated b efore, employed phanto m f or these exp eriments i s the ce llular texture
phantom. We applied �ltere d back pro jection (FBP) metho d for reconstructing the
acquired pro jections, as it is the golden standard in i mage reconstruction. Hamming
�lter with the c ut-o� frequency of 0.5 � Nyquist frequency is used in FBP. Final
reconstructed images used for the quantitative asse ssments are scaled with resp ect
to the ground truth. Insp ecting the results numerically shows that amo ng di�erent
dose distribution metho ds (Exp.1-3) the cosine mo del obtains the b est RMS value.
The RMS values imply that reducing the SNR of the highly tilted angles decreases
their contribution in the image reconstruction and has adverse e�ects on it. Among
di�erent angle distribution approaches (Exp.1, 4 and 5) Saxton m o del gains the
lowest RMS. The results imply that oversampling the Fourier space of the high angles
improves the quality of the tomograms. Finally, the tomogram which employe d b oth
the cosine and Saxton metho ds (Exp.6) gains the smallest RMS value among all the
exp eriments. Considering Table 7.2, the worst RMS values b elong to the inverse-
cosine mo del of dose distribution and inverse-Saxton mo del: the former metho d
neglects the SNR of the pro jections corresp onding to the regions of high angles and
the latter su�ers from undersampling of the Fourier space of this regions. In the
previous section, sub jectively we showed that the c osine mo del of dose distribution
and Saxton's mo del reduce the elongation arti fact, here the RMS values demonstrate
the same results: the less the elongation artifact, the b etter the RMS value.

Table 7.2 RMS values corresponding to the reconstructed images of Exp.1-6.

Exp eriment Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 Exp.6

RMS (XZ plane) 0.1472 0.1403 0.1630 0.1424 0.1552 0.1390

RMS (XY plane) 0.234 0.2235 0.2519 0.2254 0.2459 0.2196

7.6.2 FRCref

Since the ground truth is known in advance (cellular texture phantom ), to m easure
the resolution of the reconstructed images FRC ref is employed. In the absence of
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(a) (b)

(c) (d)

Figure 7.10 FRC curves corresponding to the reconstructed images of Exp.1-6 in XZ
(�rst row) and XY (second row) planes. a,c) the circular shape of the particles inside the
reconstructed images causes hardly rugged FRC curves. b,d) moving average �lter smooths
the FRC curves -an arbitrary area for resolution> 100 nm is zoomed.

the ground truth FSC e=o can b e considered as a substitution. Figure 7.10a and
c illustrate how the FRC curves decl ine when the resolution increases. As the
reconstructed images comprises of several " circle form objects " their co rre sp onding
FRC curves are rugged and need to b e smo othed wi th a moving average kernel -here
we applied an averaging �lter with size 5 (see Fig. 7. 10b and d). Consi dering the
smo othed curves and 50 % correlation criteria, average resolution of 28- 29 nm can
b e approximated for all the reconstructions in b oth XZ and XY planes. Note that
the FRC curves i llustrate the average of the resolutions in all directions, and not
directional resolution. Here, for b oth XZ and XY planes we have estimated the same
resolutions � 28-29 nm, despite the f act that the resolution in XZ plane is worse
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than XY plane, since the elongation artifact o ccurs more heavily in XZ plane.

Considering the FRC curves, they do not allow us to judge the quality of the re-
constructions clearly, since the curves are heavily twisted and entangled in high
resolutions. However, observing their b ehavior in low re solutions > 100 nm, they
show an order on their resolving p ower: exp eriment 6 which advantages b oth the
cosine dose distribution and Saxton metho d obtains the highest resolution. Exp eri-
ments 2 and 4 which advantaging from either the cosine dose distribution or Saxton
mo del generate almost the same reconstruction resolutions and ranked after Exp.6.
Resolution of the images reconstructed from Exp.1 with the constant dose and angle
distributions are worse compared to Exp.2 , 4 and 6. Finally, inverse-Saxton mo del
of angle distributi on and inverse-cosine metho d of dose distribution obtains the low-
est/the worst resolutions in comparison with the other metho ds. The order of the
resolution results interpreted from the curves matches the order of the RMS values
as exp ected.

7.6.3 Resolution Measurement in Z-Direction

In this section, we consider the middle slice of the reconstructed tomograms along
Y-direction (each slic e is in XZ plane) as the reference of our assessments. To ex-
tract prop er edges in Z-direction, an ob jec t which shows the elongation e�ect more
vividly is selected (particle 1 with resp ect to Fig. 7.8a). Now considering the ground
truth, 10 vertic al edges are sele cted from an area which contains b oth part of the
ob ject (particle 1) and background. Red lines in Fig. 7.11a illustrate the lo cation
of the extracted edges on the reconstructed slice of Exp.1, each of which comprising
of 60 pixels long. To sample the intensity of the background adequately, the edges
are elongated in the background. Since the intensity of the reconstructed particles
declines towards their center, we selected the edges not deep in the particle side.
Figure 7.11b shows the intensity of the extracted edges, starting from the particle
and ending in the background. To �t a sigmoid function into the intensity pro�les
with a b etter approximation, the �rst intensity value of each edge is replicate d for
20 times leading to Fig. 7.11c. Considering Eq. 5.7, for each edge an individual
sigmoid function is �tted, and to determine the �nal ESF all sigmoids are averaged.
It is imp ortant to consider that, averaging is imp osed on the acquired sigmoids and
not on the intensity pro�le of the edges, as by averaging them we negle ct the ef-
fect of noi se. Figure 7.12 (left column) shows the intensity values with blue circles
and their corresp onding average sigmoid with a red line as the ESF. Point spread
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(a) (b) (c)

Figure 7.11 a) Particle 1 from the reconstructed image of Exp.1 which illustrates how to
select several vertical edges for ESF determination. Red lines show selected vertical edges
each of which 60 pixels long. They are extracted based on the shape of particle 1 in the
ground truth. b) Intensities corresponding to all edges. c) As the penetration of selected
edges in the object part is short, the �rst intensity value of each edge is replicated for 20
times, thus the intensity pro�les resemble a sigmoid function.

function (PSF) is the �rst derivative of the ESF, thus we can calculate the PSF of
each image. Corresp onding PSF of each ESF is plo tte d in the right column of Fig.
7.12. The resolution c an b e determined by measuring full width at half maximum
(FWHM) of PSF which is equal to 3:53 � � according to Eq. 5.7 ; the thinner the
plot the higher the resolution. Co nsi dering the re so lution results i n Table 7.3, the
cosine dose distribution approach generates b etter resol uti on in Z-direction in com-
parison to the constant and inverse-cosine mo dels of dose di stri bution. Furthermore,
among di�erent angle distribution metho ds, the Saxton mo del is sup erior in terms
of resolution in Z -direction. The b est resolution b elongs to Exp.6 whi ch advantages
b oth the cosine and Saxton's metho ds at the same time. Resolutions in Z-direction
strongly emp ower the previous interpretations acquired from the RMS and FRC ref

measurements. N ote that the estimated resol uti on applying FRC ref was ab out 28-29
nm, while referring to Table 7.3 resolution measurement in the Z-directio n indicates
worse re sults -except for Exp.6. The reason is that the output resolution of the
FRC ref approach is the average resolution of all directions, and since the resolutions
in X- and Y-directions are b etter than Z-direction, the average resolution obtains
b etter results. In addition, measuring the resolution in Z-dire ction is highly in�u-
enced by the elongation artifact which worsens the resolution in comparison to the
other directions.
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Table 7.3 Resolution of the reconstructed images corresponding to Exp.1-6 in Z-direction.
Images are reconstructed using FBP algorithm, applying Hamming �lter with the cut-o�
frequency of 0.5� Nyquist frequency.

Exp eriment Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 Exp.6

Resolution (nm) 43.39 34.62 44.71 33.52 49.21 24

To conclude, if we consider Exp.1 (constant dose distribution and constant angle dis-
tribution) as a b enchmark among all data acquisition approaches, the resolution in
Z-direction will improve if the emphasis on the high angle s enhances. The emphasis
can b e regarded to intensifying the irradiation dose or increasing the sampling fre-
quency. The former comp ensates for the increment of the transience path in highly
tilted angles and the latter oversamples the Fourie r space in thi s region. Considering
the resolution of the b e nchmark, the results show that the cosine mo del of dose dis-
tribution enhances the resolution ab out 1.25 times and the Saxton mo de l increases
the resolution ab out 1.29. Co mbination of these two metho ds in Exp.6 enhances the
resolution ab out 1.81 which is the b est re solution among all approaches.

(a) (b)

(c) (d)
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(e) (f)

(g) (h)

(i) (j)

(k) (l)

Figure 7.12 ESF (left columns) and PSF (right columns) of Exp.1-6 in XZ plane from
top to bottom. A thin PSF indicates better resolution in Z-direction.
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8. CONCLUSIONS

Generally to create a tomogram of an ob jec t, we are required to provide a stack of
high quality 2D cross sectional pro jections in a full angular range. However, in elec-
tron tomography neither the quality of the pro jections nor ful l angular range around
the ob ject i s provided. Sp e cimen damage is one of the main limitations in ET which
constrains the total electron dose and thus generating hi gh SNR pro jections. The
other main restriction in ET is the blind region of data acquisition called missing
wedge. Typically in electron tomography, pro jec tions are limite d to the range of �

60� as a re sul t of physical limitations o f the sp ecimen holder, in addition to the long
transience path in high angl es. Considering the low SNR of the pro jections, to pro-
duce images with relatively acceptable contrast di�erent adjustments of the electron
microscop e such as defo cus value, acceleration voltage and diaphragm ap erture si ze
were examined. Results indicate that reducing the ac celeration voltage improves
the contrast. Since the electron-sp ecime n interaction increases, more electrons are
de�ected and intercepted which result in a b etter contrast. However, low accel-
eration voltage increases the sp e cimen damage due to more inelastic interactions.
Note that the acceleration voltage is correlated to the sp ecimen thickness directly:
acceleration voltage should b e increased for thi cker samples. Mo difyi ng the defo cus
value indicates that increasing the defo cus value enhances the contrast of the pro jec-
tions, as interfering of the scattered and unscattered electron waves intensi �e s duri ng
the image fo rm ati on. Nevertheless, it should b e considered that defo cus increment
blurs the high resolution structures in the pro jections and declines the similarity of
the acquired pro jections to the ground truth. Results of increasing the ob jective
diaphragm si ze on image formation show enhancement in the brightness of the pro-
jections without considerable changes i n the contra st. Theoretically, i t was e xp ected
that low ap erture si ze results in high contrast in the pro jections, since most of the
electrons with high scattering angles will b e intercepted by the ap erture. However
our exp erimental results imply that de clining the numb er of elec tro ns reaching to
the detector inte nsi �es the noise which neutralizes the e �e ct of small ap erture size.
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Considering the missing wedge in ET, di�erent approaches have b een used to smo oth
its e�ect in the data acquisition stage such as non-constant dose and angle distri-
bution mo dels. Electrons can b e distributed constantly so that all the pro jections
receive equal numb er of ele ctrons, or non-constantly whe re the numb er of electrons
irradiating the sp ecimen is related to the cosine of the tilt angles. Results show that
among di�erent dose distribution metho ds, the cosine mo del pro duces b etter tomo-
grams in terms of RMS and resolution. Saving up the electron dose from low angles
and sp ending them on high angles homogenizes the sinograms and comp e nsa te s for
the increment of the transience path. Discussing di�erent angle distribution meth-
o ds, Saxton's mo del reduces the elongation artifact more than other metho ds by
elevating the sampling frequency in highly til ted angles. Oversampling the Fourier
space of the re gions close to the missing wedge inc re ases the accuracy of the recon-
structed tomograms. Results of the inverse-Saxton mo del verify that unde rsa mpling
the region of high angles worsens the RMS value and the resolution in Z-direction.
Moreover, comparing the numerical results shows that the exp eriment which com-
bines the cosine mo del of dose distribution with Saxton mo del is sup erior in terms
of resol uti on, RMS and elongation among all the exp eriments. This metho d, inten-
si�es the SNR of the pro jections c orresp onding to the high angle s, together with
oversampling this region. Thus, it re duces the adverse e�ec ts of the sl ab geometry
of the sp ecimen and the missing wedge at the same tim e.

To conclude, the results of this study are imp ortant in low dose el ectron tomography
as they show the p ossibility of reducing the adve rse e�ects of missing wedge and
slab geometry of the sp e cimen in the data acquisition stage while the numb er of
irradiating elec trons are highly restric ted.
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APPENDIX - DOSE AND ANGLE

DISTRIBUTIONS

Table 1 Precise values of dose and angle distributions in Exp. 1-6. To read the table,
�rstly de�ne the number of experiment in both dose and angle columns, each tilt angle and
its corresponding dose are written in a same row
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