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Accurate modeling of image formation in cryo-electron microscopy is an important requirement for
quantitative image interpretation and optimization of the data acquisition strategy. Here we present a
forward model that accounts for the specimen’s scattering properties, microscope optics, and detector
response. The specimen interaction potential is calculated with the isolated atom superposition approx-
imation (IASA) and extended with the influences of solvent’s dielectric and ionic properties as well as the
molecular electrostatic distribution. We account for an effective charge redistribution via the Poisson–
Boltzmann approach and find that the IASA-based potential forms the dominant part of the interaction
potential, as the contribution of the redistribution is less than 10%. The electron wave is propagated
through the specimen by a multislice approach and the influence of the optics is included via the contrast
transfer function. We incorporate the detective quantum efficiency of the camera due to the difference
between signal and noise transfer characteristics, instead of using only the modulation transfer function.
The full model was validated against experimental images of 20S proteasome, hemoglobin, and GroEL.
The simulations adequately predict the effects of phase contrast, changes due to the integrated electron
flux, thickness, inelastic scattering, detective quantum efficiency and acceleration voltage. We suggest
that beam-induced specimen movements are relevant in the experiments whereas the influence of the
solvent amorphousness can be neglected. All simulation parameters are based on physical principles
and, when necessary, experimentally determined.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The structures of macromolecules, macromolecular complexes
and subcellular assemblies provide insight into their functions.
Knowledge of the 3D structure of a macromolecule is also the cor-
nerstone for rational drug design (Wang et al., 2005).

Cryo-electron microscopy (cryo-EM) of biological specimens in
an unstained, frozen-hydrated state has become an indispensable
tool for structural biology (Sali et al., 2003). Advances in cryo-EM
single particle analysis (SPA) (Frank, 2006) and cryo-electron
tomography (cryo-ET) (Lucić et al., 2005; McIntosh et al., 2005; Leis
et al., 2009) provide opportunities to characterize the structures of
macromolecular complexes that are either too flexible, heteroge-
neous or transient to be explored by crystallographic methods
(Henderson, 2004; Glaeser et al., 2006). The level of structural de-
tail that can be obtained by cryo-EM is largely limited by specimen
heterogeneity, the effective contrast transfer function (CTF), the
detector’s detective quantum efficiency (DQE), and radiation dam-
age which limits the integrated electron flux that can be used,
resulting in a poor signal-to-noise ratio (SNR) in images.

In addition to hardware developments, computational methods
will continue to improve, enabling more information to be ex-
tracted from inherently noisy cryo-EM images. Simulations of elec-
tron images will be increasingly important in order to optimize the
data acquisition strategy, to improve image interpretation and res-
olution, and to provide insight on ways to improve instrumenta-
tion. An accurate forward model of image formation in cryo-EM
should rely on all relevant physical properties such as the speci-
men’s elastic and inelastic scattering properties and the effects of
the CTF and the detector.

Simulation of transmission electron microscope (TEM) images
of biological specimens is implemented in a number of software
packages for SPA and ET such as Xmipp (Sorzano et al., 2004; Bil-
bao-Castro et al., 2004), IMAGIC (van Heel et al., 1996), SPIDER
(Frank and Shimkin, 1978; Shaikh et al., 2008), EMAN2 (Tang
et al., 2007), Bsoft (Heymann and Belnap, 2007), and TOMToolbox
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(Nickell et al., 2005). In most cases, these simulations are used to
facilitate Euler angles determination in SPA and to evaluate recon-
struction methods for SPA (Marabini et al., 1998; Sorzano et al.,
2001) and ET (Marabini et al., 1997). Usually a virtual model of a
biological specimen is created using 3D primitives (phantoms)
such as spheres, ellipsoids, cubes, and cylinders (Bilbao-Castro
et al., 2004). In some cases, the specimen volume is constructed
based on information from the RCSB Protein Data Bank (PDB)
and TEM images are computed by projecting the 3D specimen;
the effects of the solvent and detector are rarely accounted for.
In general, projecting the 3D electron density distribution into a
2D image is not correct, since it does not represent the actual phys-
ical electron–specimen scattering properties (interaction poten-
tial). In addition, the noise is often simplified as being additive
Gaussian noise. Below, we discuss two related work that aim to
provide more realistic simulations.

In Hall et al. (2011), image simulations were performed to as-
sess the attainable benefits of phase plates. The solvent (water)
was treated explicitly via molecular dynamics (MD) simulations
generating a box of amorphous water and a multislice approach
was used to account for the specimen thickness and multiple scat-
tering. The generated noise was Poisson distributed, but the detec-
tor response was not included. Unfortunately, the methods were
not validated experimentally.

TEM-simulator (Rullgård et al., 2011) aims to provide accurate
simulations based on physical principles. It was the first simulator
whose results were compared to experimental data, albeit not in
depth. There, the specimen thickness has been neglected, and
low-pass filtering to a certain resolution exceedingly damps the
interaction potential (IP). Although most simulation parameters
described there are based on physical principles, a calibration pro-
tocol needs to be employed for some parameters that are phenom-
enologically introduced, leading to a situation where nuisance
parameter tuning is required. Examples of such phenomenological
parameters are amorphousness (granularity), absorption potential,
as well as camera parameters such as the modulation-transfer
function (MTF), detective quantum efficiency (DQE), and conver-
sion factor. Furthermore, none of the aforementioned approaches
have considered chemical bonding and/or interaction of the sam-
ple with solvent and ions. For completeness, it should be men-
tioned that recently Shang and Sigworth (2012) parameterized a
function that describes the distribution of water molecules around
a protein. In previous work the solvent was assumed to be water,
instead of less dense vitreous ice, leading to possible artificial
damping of the contrast between the protein (which has a higher
density than water) and solvent.

For material science applications, numerous TEM simulators
have been developed (reviewed by Kirkland, 2010). Many assume
that the atoms of a specimen are periodically ordered which is
not fulfilled for non-crystalline biological specimens. Some of the
simulators, such as YAMS (Dinges and Rose, 1995; Müller et al.,
1998) and SimulaTEM (Gómez-Rodríguez et al., 2009), have been
used for image simulations of biological specimens. They do not as-
sume that the specimen is periodic and although YAMS propagates
the mutual coherence function through the specimen, a method
more appropriate for treating the partial incoherence, only elastic
scattering was assumed for biological specimens (Sorzano et al.,
2001). In both simulators the specimen thickness and multiple
scattering events were treated via a multislice approach (Cowley
and Moodie, 1957), but inelastic scattering, the detector response,
and solvent were ignored. In high resolution electron microscopy
(HREM) the contrast in experimental images has been frequently
reported to be much less, typically about a factor of three, than pre-
dicted by image simulation (Hytch and Stobbs, 1994; Boothroyd
et al., 1995). It was suggested in Thust (2009) that this discrepancy,
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often called the Stobbs-factor, originates from neglecting the
detector’s MTF in image simulations.

Here we present, analyze and validate an image formation mod-
el in TEM based on physical principles. In addition to computing
the 3D potential distribution where atoms are treated in isolation,
the interaction redistribution potential due to the solvent, ions and
molecular interactions is computed. Beam-induced motion and
amorphousness of the vitreous ice are also addressed. For valida-
tion, comparisons between experiments and simulations were per-
formed on cryo-embedded specimens. Some of the parameters
such as defocus, astigmatism and camera properties are accurately
estimated from experiments via available toolboxes (Vulović et al.,
2010, 2012), without introducing nuisance parameters. The simu-
lator presented here, InSilicoTEM, has been implemented in DIPim-
age (www.DIPlib.org), a MATLAB toolbox for scientific image
processing and analysis, and is freely available for non-commercial
use upon request.

2. Theory

Forward modeling approaches in cryo-EM describe the complex
image formation process. Below, we will shortly outline our image
formation model whose main ingredients are: the interaction po-
tential, electron wave propagation and intensity detection by the
camera. The Supplementary material (S.M.) provides a detailed
description of all steps and approximations.

2.1. Interaction potential (IP)

The interaction between the incident electron wave and a mac-
romolecule embedded in the surrounding medium is modeled as a
sum of two interaction potential components: (1) ‘‘atom’’ contribu-
tions, i.e. the superposition of atomic potentials as if each atom
was in isolation; and (2) ‘‘bond’’ contributions, i.e. the influence
of the charge redistribution due to the solvent, ions and molecular
interactions

V intðrÞ ¼ VatomðrÞ þ VbondðrÞ; ð1Þ

where r = (x,y,z) is the position of the electron wave. Since Vatom

considers the specimen as a set of isolated atoms, we get
VatomðrÞ ¼

Pm
j¼1VZj

ðr � RjÞ, where VZj
is the electrostatic potential

of an isolated neutral atom with atomic number Zj centered at Rj.
With the first Born approximation, such a potential can be written
as the inverse Fourier transform of the electron scattering factor of
the atom (Peng et al., 2004; Rullgård et al., 2011) (see Section 1.2 in
S.M.).

The isolated atom superposition approximation (IASA) ignores
the potential due to the charge redistributions, Vbond, which ac-
counts for the interaction with neighboring atoms, solvent and
ions. As Vatom provides the most significant contribution to the
scattering of the incident electron, this computationally conve-
nient approximation provides a good starting point for initial inter-
pretation of high-energy electron diffraction and microscopy
experiments (Kirkland, 2010; Peng et al., 1996). Biological speci-
mens are embedded in an amorphous solvent and the potential
distribution depends also on the dielectric and ionic properties of
the solvent. It seems appropriate to include the contribution of
the solvent and ions modeled by Vbond. This potential due to the
charge redistribution can be accounted for via a continuum elec-
trostatics approach (see 1.3 in S.M.), described by the solution of
the linearized Poisson–Boltzmann equation:

� �0rð�rðrÞrVbondðrÞÞ ¼ qbond
mol ðrÞ þ qbond

sol ðrÞ � aðrÞ
X

i

q2
i n0

i VbondðrÞ
kBT

;

ð2Þ
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where �0 is the permittivity of the vacuum, �r the relative permittiv-
ity (�sol for the sub-volume occupied by solvent and �mol for the
molecule), qbond

mol ðrÞ and qbond
sol ðrÞ are the partial (net) charges of the

molecule and solvent, respectively; qi and n0
i are, respectively the

charge and the concentration of an ion of type i; kB the Boltzmann
constant, T the temperature, and a(r) = 1 for sub-volume occupied
by solvent, and a(r) = 0 otherwise. In order to meaningfully add
the two potential contributions (Eq. (1)), the assumptions specified
in 1.4 in S.M. must be fulfilled.

2.1.1. Inelastic contributions
The effects of inelastic scattering are modeled as the imaginary

part of the interaction potential. The total complex potential is
V int

tot ¼ Vph þ iVab (see 2.3 in S.M.), where Vph is the interaction po-
tential (real value) as described in the previous section. Vph con-
tributes to the phase contrast while Vab influences the amplitude
(absorption) contrast. Contributions to the amplitude contrast
can be roughly separated into ‘‘plasmons’’, electrons scattered out-
side the aperture, and atom core losses. ‘‘Plasmons’’ are not strictly
oscillations of free electrons like in metals, but they are producing
a similar amount of energy loss (�20 eV), hence this commonly
used terminology (Egerton, 1996). In a typical electron energy-loss
spectroscopy (EELS) spectrum, the intensities due to atom core
losses (DE > 100 eV) are a couple of order of magnitudes smaller
than those of the plasmons (DE � 20 eV). The influence of the aper-
ture will be taken into account via the optical system. Therefore,
the plasmons are considered the most dominant contribution to
the inelastic interactions. Since a large part of the specimen con-
sists of embedding medium, the plasmons of vitreous ice damp
the useful phase signal. For an amorphous solvent such as vitreous
ice and a certain incident electron energy the plasmons can be de-
scribed via the inelastic mean free path Kin. We performed Monte-
Carlo simulations (Agostinelli et al., 2003; Kieft and Bosch, 2008) to
validate the assumption that delocalized processes (represented by
a constant absorption potential) are dominant (see 2.3.1 in S.M.).
For our purpose the imaginary part of the potential is modeled as

Vabðx; y; zÞ ¼ 1=ð2rKinÞ; ð3Þ

where r ¼ 2pm j e j k=h2 is the interaction constant, k, e, and m the
relativistic wavelength, charge and mass of the incident electron,
and h Planck’s constant.

2.2. Electron wave propagation

The electron wave propagation through the specimen is based
on a multislice method (Cowley and Moodie, 1957) that accounts
for the thickness of the specimen and multiple scattering (Kirkland,
2010). An incident electron is described by its wave function and at
the top of the (n + 1) th slice of the specimen, the wave function is
given by

Wnþ1ðx; yÞ ¼ F�1½Pnðqx; qy;DznÞF ½expðirVzðx; y; zÞÞWnðx; yÞ��; ð4Þ

where P(q,Dz) = exp(�ipkDzq2) is the Fresnel propagator over a
slice of thickness Dz, q is the magnitude of the spatial frequency
(qx,qy), F½�� denotes the Fourier transformation, and
Vzðx; y; zÞ ¼

R zþDz
z Vintðx; y; z0Þdz0 is the projected potential within

the slice. Parallel illumination is modeled as an incident plane wave
(W0(x,y) = 1). The propagation of the electron wave through the
specimen can be interpreted as recursive transmission and propa-
gation of the wave function through each slice until the wave leaves
the specimen (Wexit(x,y)).

In cryo-EM the images are mostly generated by phase contrast,
as a result of interference between the unscattered and scattered
part of the electron exit wave function. The electron wave exiting
the specimen Wexit(x,y) is further subject to a frequency dependent
Please cite this article in press as: Vulović, M., et al. Image formation model
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phase shift introduced by the defocus Df and microscope aberra-
tions such as spherical aberration Cs, and 2-fold astigmatism
(A1,a1). The contrast transfer function (CTF) of the lens system in
polar coordinates is (Reimer and Kohl, 2008)

Tðq;aÞ ¼ KAp exp �i
2p
k

1
4

Csk
4q4 � 1

2
Df � A1 cos 2ða� a1Þð Þð Þk2q2

� �� �
;

ð5Þ

where Ap is the objective aperture function and K describes spatial
and chromatic envelopes. Note that underfocus implies Df > 0, as in
Reimer and Kohl (2008). The intensity in the image plane is the
probability density function given by

I0ðx; yÞ ¼ jWðx; yÞj2 ¼ jF�1½F ½Wexitðx; yÞ�Tðq;aÞ�j2: ð6Þ

For details see Section 3 in S.M.

2.3. Detector response

Capturing the final image involves the conversion of the elec-
tron wave’s intensity distribution into a digital signal via a detec-
tor. Electron detectors are characterized by parameters such as
conversion factor CF in [ADU/e�], modulation transfer function
(MTF) and detective quantum efficiency (DQE). The measurement
process obeys Poisson statistics giving rise to shot noise; the detec-
tor adds readout noise Irn and dark current Idc to the final image,
and blurs the image with a detector point spread function PSF
(x,y) whose Fourier transform is the MTF.

The MTF describes transfer of the signal amplitude for different
spatial frequencies. However, the signal and the noise in a TEM
detector are not transferred in the same way (Meyer and Kirkland,
1998). The DQE is defined as DQE (q) = MTF2(q)/NTF2(q), where the
NTF is the noise transfer function (NTF2(q) = NPSout/(CF2Ue)) with
NPS being the noise power spectrum, and Ue the incident electron
flux in ½e�=area�. We model the signal and noise propagation as fol-
lows: (1) the Fourier spectrum of the noise-free signal ðeI0ðqÞÞ is
damped (multiplied) by the ratio between signal (MTF) and noise
(NTF) transfer, (2) this signal is multiplied by the integrated elec-
tron flux and shot noise contributions are added, (3) the Fourier
spectrum of that (noisy) signal is damped by the NTF, and (4) the
number of electrons are scaled with CF to the image gray values
in [ADU]. Hence, we can write the detected image as

Iðx; yÞ ¼ Irn þ Idc þ CF

� F�1 F Poiss Ue � F�1 eI0ðqÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DQEðqÞ

ph i� �h i
� NTF qð Þ

h i
; ð7Þ

where Poiss(A) returns a random number from a Poisson distribution
with expected value A. Section 4 in S.M. explains the steps in more
detail.

3. Computational methods

The main steps of image formation simulations are (i) construc-
tion of the interaction potential (IP) and (ii) electron wave propa-
gation and recording intensity.

Physical parameters of the specimen include pH, dielectric con-
stant, temperature, ion concentration, motion factor and thickness.
Microscope parameters involve acceleration voltage and its spread,
opening angle, defocus, astigmatism, spherical and chromatic aber-
rations, objective aperture, magnification, and incident electron
flux. Relevant camera parameters are exposure time, binning, con-
version factor, MTF, DQE, readout and dark current noise. All
parameters influencing the image formation are based on physical
principles and when necessary, they were estimated from the
experiment, using independent measurements (except beam-in-
duced movements), without introducing nuisance parameters.
ing in cryo-electron microscopy. J. Struct. Biol. (2013), http://dx.doi.org/
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In this section, we outline the computational methods for image
simulation of biological specimens and parameters estimation.
3.1. Interaction potential (IP)

A forward simulation requires a known model of the specimen.
In case of biological specimens, we construct the IP using a hybrid
approach combining the isolated atom superposition approxima-
tion (IASA) and a Poisson–Boltzmann (PB) description of the inter-
action between the macromolecule and its solvent and ions (see
Section 2.1). The input for computing the IP is a high-resolution
X-ray structure as deposited within the PDB which contains a de-
tailed specification of type and position of most atoms in the mol-
ecule. Here we used PDB files 1RYP, 1GR5 and 2GTL to model 20S
proteasome, GroEL, and earthworm hemoglobin, respectively. The
plasmons are accounted for via the inelastic mean free path. The
amorphousness of the solvent was generated by an explicit atomic
model via MD simulations. An empirical post-blurring can be ap-
plied, which results in a similar effect that beam-induced move-
ments could have. The next subsections explain these procedures
in more detail.
3.1.1. Isolated atom superposition approximation (IASA)
The dominant part of the interaction potential is the sum of the

individual isolated atomic potentials calculated as the Fourier
transforms of tabulated electron scattering factors. There are sev-
eral empirical closed-form approximations of electron scattering
factors available (Kirkland, 2010). We use scattering factors that
are parameterized as a weighted sum of five Gaussians as given
in Table 1 in Peng et al. (1996) and implemented in TEM-simulator
(Rullgård et al., 2011). The real potential map calculations are
based on a slight modification of their map in such a way that
low-pass filtering to a certain resolution does not exceedingly
damp the interaction potential (IP), and the solvent is assumed
to be vitreous ice instead of water (see Eq. (5) in S.M.). The input
PDB file is converted into the electrostatic potential map Vatom.
The voxel size of the map in this analysis was set to 1 Å.
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3.1.2. The influence of the embedding environment via the Poisson–
Boltzmann (PB) approach

We use a continuous electrostatics method to model the influ-
ence of the solvent and ions as well as the coarse electrostatic po-
tential redistributions within the macromolecule. There are
different implementations for solving the Poisson–Boltzmann
(PB) equation. In this study we used APBS (adaptive
Poisson–Boltzmann solver) (Baker et al., 2001) that numerically
solves the PB equation for solvation energy and potential.

The input for APBS is a modified PDB file (PQR) where the occu-
pancy and temperature fields are substituted with partial charges
and the radii fields using PDB2PQR (Dolinsky et al., 2004). Since
protein structures deposited in the PDB format usually lack hydro-
gen atoms, PDB2PQR offers the functionality of adding missing
hydrogens atoms and removing steric clashes caused by the newly
added hydrogens. Partial (net) charges were calculated with AM-
BER, one of the forcefields available in PDB2PQR. The pH value
Table 1
Some APBS parameters.

Symbol Value Meaning

pdie 2.00 dielectric constant of the solute
sdie 78.54 dielectric constant of the solvent
temp 298.15 temperature of the system (K)
srad 1.40 radius of the solvent molecules (Å)
ion +1 0 2 ion species, concentration (M) and radius (Å)

Please cite this article in press as: Vulović, M., et al. Image formation model
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was set to 7. The APBS input file contains both numerical aspects
of the computation and physical parameters (c.f. Table 1).

For large molecules such as earthworm hemoglobin we adapted
the procedure for calculating PQR files and APBS potentials. For
large (constructed) PDB files we adopted a variable column width.
The parsers also allowed a more flexible spacing between all fields
and larger (unrestricted) field size. In order to calculate the poten-
tial map of hemoglobin, the molecule was split into eight parts
with an overlap of 10%. A single potential map was assembled from
all parts. 20S Proteasome was simulated without ions in the sol-
vent while the ion concentrations for the earthworm hemoglobin
sample were 0.05 M, 1 M, and 3 M (mol/l), respectively.

In contrast to typical PB solvers that include two-step solvation
energy calculations, here we used a one-step approach. For chem-
istry and biophysics applications, the reaction fields due to the
polarization of the solvent and ions around the molecule are of
interest and a two-step approach is needed. In that case, homoge-
neous dielectric calculations (dielectric constants of the molecule
and solvent are equal) are subtracted from heterogeneous calcula-
tions (dielectric constants differ). Since we are interested in the
electrostatic potential redistribution within the molecule, we did
not need to perform homogeneous dielectric calculations (see 1.4
in S.M.), resulting in reduced computation times.

3.1.3. Inelastic scattering
For our purpose the imaginary part of the potential was mod-

eled via the inelastic mean free path (see Eq. (3)). As described in
Langmore and Smith (1992) and Wall et al. (1974) the inelastic
scattering cross section rin can be represented via Eq. (26) in
S.M. The inelastic mean free path is related to the scattering cross
section as

Kin ¼
MW

qNArin
¼ MWb2 � 1010

9:03qZ
1
2 ln b2ðU0þmc2Þ

10

½nm�; ð8Þ

where Z is the atomic number, b the ratio between the velocity of
electron and light (b2 = 1 � [mc2/(U0 + mc2)]2), U0 the incident elec-
tron energy, mc2 the rest energy of electron, MW the molar mass, q
the mass density, and NA Avogadro’s number. The dependency of
the mean free path on the incident electron energy is given by (8)
and plotted in Fig. 1. Experimentally determined values of the
100 150 200 250 300
50

100

Incident energy of electron [keV]

In

Fig. 1. Inelastic mean free path as a function of the incident electron energy for
vitreous ice (blue solid) and protein (red dashed line) using Eq. (8) and data derived
from Langmore and Smith (1992) and Colliex et al. (1984). The data points from
references Langmore and Smith (1992), Egerton (1992), Sun et al. (1993), Grimm
et al. (1996) and Colliex et al. (1984) are included.
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inelastic mean free path reported in the literature vary noticeably
(Feja and Aebi, 1999). The reasons for these apparent discrepancies
are not always clear. Some of the reported values for a couple of
energies are included in Fig. 1.

The fractional composition of a protein was taken to be 0.492,
0.313, 0.094, and 0.101 for elements H, C, N, and O, respectively
(Colliex et al., 1984; Reichelt and Engel, 1984). We used the values
of Kin for vitreous ice at 80 kV and protein at 100 kV provided by
Langmore and Smith (1992) and Colliex et al. (1984), respectively.
The values for any other incident energy of electron U0 were calcu-
lated via Eq. (8).

3.1.4. Amorphousness of the solvent - specimen
As described in Sections 3.1.1 and 3.1.2, the solvent has been

modeled as a continuum. Although its influence on the potential
redistribution of the macromolecule is accounted for (Sec-
tion 3.1.2), the solvent potential is calculated from the known den-
sity of water molecules using an averaging procedure (see Eq. (5) in
S.M.). However, amorphousness of the solvent can influence the
appearance of the noise in the image. In order to assess the influ-
ence of the amorphousness in cryo-EM under low-flux conditions
or to allow one to model it for high fluxes in HREM, we propose
two methods for modeling this amorphousness: (i) adding a fixed
noise pattern to the specimen’s projected potential, and (ii) per-
forming molecular dynamics (MD) simulations via GROMACS
(Hess et al., 2008).

(i) Adding a fixed noise pattern to the projections:
This simple method assumes that the overlap of atomic posi-
tions in a projection of an amorphous sample is significant
and that it is essentially noise with a flat frequency spec-
trum. This is surely an approximation as every real specimen
has limited scattering power. Therefore, we multiply the fre-
quency spectrum by exp (�2p(qrd/Dx,y)2) where q is the spa-
tial frequency, rd is the average minimum distance between
atoms in the amorphous specimen and Dx,y is the pixel size
in the object plane. The covalent sp3 radius in carbon is
0.77 Å (Allen et al., 1987), and a model of amorphous carbon
should thus have a minimum distance of rd = 1.54 Å. For vit-
reous ice, the distance between oxygen atoms would be
2.88 Å (Teeter, 1984).

(ii) MD simulations:
In order to produce an explicit description of the solvent
(water), we used GROMACS (Hess et al., 2008), a MD simula-
tion package which solves Newtons equations of motion for
a system of N interacting atoms. The equations are solved
simultaneously in small time steps reaching an equilibrium
state of the system. The input was PDB file 1GR5 (GroEL).
The missing hydrogens atoms were added and a topology
file was generated containing the physical information
about all interactions between the atoms of the protein
(bonds, angles, torsion angles, Lennard–Jones interactions
and electrostatic interactions). Furthermore, the protein
was solvated in a 20 � 20 � 50 nm water box with a simple
point charge (SPC) 216 model. The specimen box consists of
a multitude of small boxes, each containing 216 water mol-
ecules. In order to circumvent a crystalline arrangement of
small water boxes, energy minimization was performed fol-
lowed by a short MD simulation (20 ps), effectively random-
izing the solvent molecules positions and solvating the
protein.

3.1.5. Beam-induced movements
Beam-induced movements can significantly influence the con-

trast in cryo-EM (Henderson and Glaeser, 1985; Brilot et al.,
2012). The whole layer of ice encapsulating the macromolecule
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seems to deform upon exposure in a complicated manner. Here,
we model these effects empirically via an isotropic motion factor
rM, which blurs the IP as follows:

eV ðqÞ ¼ eV intðqÞ exp �2p2r2
Mq2� �

; ð9Þ

where eV ðqÞ and eV intðqÞ are the Fourier transforms of the potential
VðrÞ and V intðrÞ, respectively. This is equivalent to damping of the
electron scattering factors in the Fourier domain.

3.2. Electron wave propagation and intensity detection

The incident electron plane wave is propagated through the
specimen by a multislice approach inspired by Kirkland (2010).
The slice thickness was kept constant at �2 nm. The effective pro-
jected potential within this slice thickness in all our simulations
rVz(r) proved to be smaller than 0.36 suggesting that, within a
slice, the probability of multiple scattering events is less than 5%
and that the weak-phase object approximation and projection
assumption are valid (Vulović et al., submitted for publication).
As described in Section 2, the CTF accounts for all relevant micro-
scope aberrations, apertures and partial coherence of the electron
source. Finally, the image intensity is captured by the detector
modeled by the MTF, DQE and various noise sources.

3.3. Parameter estimations

Some imaging parameters vary between acquisitions, while
others are stable for a long period of time. To accurately model im-
age formation and validate it with experimental data, we need to
know the numerical values of all parameters that influence image
formation (see Section 2). The detector parameters are character-
ized independently via methods described in Vulović et al.
(2010). The parameters that must be determined during the data
acquisition are magnification, integrated flux, defocus, astigmatism
and local ice thickness. The magnification of the microscope was
calibrated prior to the acquisitions with a cross grating containing
2160 lines per mm. The integrated electron flux in [e�/Å] was esti-
mated from the measured intensities in areas without specimen
using the conversion factor of the detector. For each low-flux cryo
image, an image of an adjacent carbon support was acquired to
accurately measure defocus and astigmatism as well as their
uncertainties using the publicly available toolbox described in Vul-
ović et al. (2012). Measurements of the local ice thickness d are
based on the Beer–Lambert law and were calculated from the ratio
of the integrated intensity of an EELS zero-loss peak Izl relative to
the integral of the whole spectrum I. Similar to Eq. (30) in S.M.
we have

d ¼ Kin ln
I

Izl
: ð10Þ
4. Experimental methods

In order to validate our image formation model, cryo-EM exper-
iments were carried out using various test samples and experimen-
tal conditions. Numerous defocus and flux series of unfiltered and
zero-loss energy filtered images of 20S proteasome and hemoglo-
bin were acquired at 80 kV and 300 kV.

4.1. Sample preparation

Our modeling approach was evaluated with 20S proteasome
from S. cerevisiae, Lumbricus terrestris erythrocruorin (earthworm
hemoglobin) and GroEL. Proteasome (Sigma Aldrich, 10 mg/ml)
was diluted 10-fold in 50 mM HEPES pH 7.4, 150 mM NaCl, and
ing in cryo-electron microscopy. J. Struct. Biol. (2013), http://dx.doi.org/
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1 mM DTT. The hemoglobin sample (Hb) was prepared by diluting
the hemoglobin stock solution 25-fold in 50 mM NH4Ac pH 6.6 (a
protocol adapted from Vinogradov and Sharma (1994), Karuppas-
amy et al. (2011)). The GroEL chaperonin (Sigma Aldrich, 5 mg/
ml) was diluted 5-fold in 200 mM MOPS pH 7.4, 100 mM KCl,
and 4 mM MgCl2. Diluted (1:10) protein A (a bacterial surface pro-
tein commonly used because of its ability to bind immunoglobins)
conjugated with 5 nm colloidal gold particles (CMC-UMC, Utrecht,
the Netherlands) was added (�3 ll) as fiducial markers to the sam-
ples just before EM grid preparation. Aliquots of 3 ll samples at
�1 mg/ml protein concentration were applied to 200 mesh thick
C-flat grids (Protochips Inc., NC, USA) (1.2 mm hole size). All grids
were freshly glow discharged for 30 s with a current of 20 mA.
Excessive liquid was blotted at room temperature from one side in-
side a Leica EM GP freezing plunger using 3 s blotting time and 2 s
postblotting time with 95% relative humidity. Subsequently, the
blotted grid was plunged into liquid ethane for vitrification. The
grids were stored in liquid nitrogen pending examination in the
electron microscope. In addition to the low-salt hemoglobin sam-
ple described above, two more ion concentrations were tested,
1 M and 3 M NH4Ac, respectively.
4.2. Image acquisitions/data collection

Frozen-hydrated specimens were examined with a Titan Krios
electron microscope (FEI Company, The Netherlands), equipped
with a field emission gun (FEG) operated at acceleration voltages
of 80 and 300 kV. A post-column GIF energy filter (Gatan, USA)
equipped with 2 k � 2 k Gatan US1000 camera was used. The en-
ergy slit was adjusted to select only electrons with an energy loss
less than 5 eV. Other microscope settings were: condenser aper-
ture number 3 (size of 100 lm), objective aperture 4 (100 lm),
spot size index 5, and beam diameter of 2 lm. The spherical (Cs)
and chromatic (Cc) aberrations for this Titan microscope are both
2.7 mm, while the energy spread (DE) and illumination aperture
(ai) are 0.7 eV and 0.03 mrad, respectively. The grids were
mounted using the Krios autoloader. A cross-grating was used for
magnification calibration. Images of proteasome, hemoglobin and
GroEL at 80 kV and hemoglobin at 300 kV were recorded on a
2 k � 2 k Gatan CCD (US1000) camera with a magnification at the
detector plane of 44.5 k�. The pixel size of the detector is 14 lm
and the final sampling density in the object plane was 3.15 Å/pixel.
The requested underfocus ranged from 500 nm to 4000 nm in five
steps. The incident flux was derived from the detector analog-to-
digital units (ADUs) by taking 1 s exposures without sample and
using a conversion factor (in ADU/ e�) as calibrated by Vulović
et al. (2010). Each defocus series was collected from a previously
unexposed sample suspended across one of the holes in the C-flat
grid. Electron fluxes of �2.5 e� Å�2 s�1 and �5.5 e� Å�2 s�1 at
respectively 80 keV and 300 keV, were used to record each single
frame, while the exposure times used were 0.5 s, 1 s, and 2 s.
Images in a defocus series of the same view were taken with and
without energy filtering. After each defocus series an image of
the adjacent carbon support was acquired using image shift in or-
der to accurately measure defocus and astigmatism on that area
(Vulović et al., 2012). These values are then also used for the region
of interest.
5. Results

The validation of our image formation model is based on a sys-
tematic comparison between simulated and experimental images
under various experimental conditions. We present the influence
of the solvent including ion concentration, defocus, integrated
electron flux, motion factor, amorphousness of the specimen, ice
Please cite this article in press as: Vulović, M., et al. Image formation model
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thickness, MTF and DQE of the camera, and incident electron en-
ergy on the image formation of samples embedded in vitreous
ice (proteasome and hemoglobin). For an unbiased comparison be-
tween experimental and simulated images, the display for each
image was stretched between mean value plus/minus 2.2 standard
deviations of the corresponding experimental image. Estimated ice
thickness d and defocus Df are specified accordingly.

5.1. Macromolecules embedded in vitreous ice

5.1.1. ‘‘Bond’’ contributions
As described in Section 2, Vatom is modeled using the isolated

atom superposition approximation (IASA), while the redistribution
potential as a result of the bond contributions Vbond is modeled by a
Poisson–Boltzmann (PB) method. The ratio between the mean
squared ‘‘bond’’ and ‘‘atom’’ potential contributions

Rbond ¼ hV2
bond;0i= V2

atom;0

D E
was calculated for each of the simulated

interaction potentials V int (Eq. (1)). Vbond;0 and Vatom;0 represent
mean-subtracted Vbond and Vatom potentials, respectively. The val-
ues of Rbond for proteasome, hemoglobin in 50 mM, 1 M and 3 M
NH4Ac are 5.3%,9.5%, 7.9%, and 7.7%, respectively. Fig. 2 permits
comparisons between (1) experimental images, (2) simulated
images which potential is calculated using only Vatom, and (3) using
combined potential Vatom þ Vbond. For the experimental conditions
used here, the Vbond contribution to V int is not significant. In gen-
eral, the combined potential produces weaker ringing effects on
the surface of the molecule and lower peaks inside the proteins
(Fig. 2). The SNR in the experimental images was not high enough
to notice apparent differences due to the redistribution potential
Vbond within the molecule. We performed simulations with various
integrated fluxes, magnifications, defoci and acceleration voltages
to assess when it is needed to include Vbond in the modeling.
Fig. 3 compares images from Vatom and combined potential for
some of the parameters. Figs. 3B and 3D suggest that the dark
hexagon produced by large defocusing (Df = 6 lm) is weaker when
using the combined potential. The differences inside the protein
are more pronounced at higher magnification (Figs. 3A and 3C),
and at 300 kV (Figs. 3C and 3D), producing stronger signal for
Vatom than for the combined potential. In general, assuming no
beam-induced motion, a higher integrated flux better reveals min-
ute differences inside the molecule. In Figs. 3B and 3D we used an
integrated flux of 10 e�/Å2, which is four times higher than in the
actual experiments (at the same magnification). A corresponding
SNR (assuming perfect alignment and no beam-induced motion)
would be achieved experimentally by averaging 16 equivalent
particles.

5.1.2. Defocus series
Various defocus series were acquired with a requested defocus

ranging from 500 nm to 4000 nm. From the adjacent carbon area
next to each region of interest the defocus values Df are estimated
and provided in the figures captions. For readability we omit to dis-
play the astigmatism values as well as uncertainties of the defocus
estimations as provided by tools described in Vulović et al. (2012).
The astigmatism was always smaller than 6% of the defocus value.
The uncertainties of defocus estimation were on average 1.6%.

Fig. 4 shows experimental and simulated defocus series of
20S proteasome, top and side view at 80 kV for 0.5 s and 1 s
exposure time, respectively. The simulations correctly predict
the changes in the image when the defocus value is altered.
For small defocus values the contrast at low frequencies is too
small to be distinguished from the noise. However, at larger
amounts of underfocus the white fringes and the central channel
in the top view (second and third column) are readily recognized
and they appear comparable in both experimental and simulated
ing in cryo-electron microscopy. J. Struct. Biol. (2013), http://dx.doi.org/
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Fig. 2. Examples of (1) experimental images, (2) simulated images where the interaction potential (IP) was constructed from only Vatom, and (3) simulated images with the IP
calculated as combined potential Vatom þ Vbond. The flux was �2.5 e� Å�2 s�1 at 80 kV. From left to right are examples of (A) proteasome (texp = 2 s, Df = 2509 nm, d = 69 nm),
(B) hemoglobin (Hb) in 50 mM (texp = 2 s, Df = 4621 nm, d = 82 nm), (C) Hb in 1 M (texp = 2 s, Df = 4505 nm,d = 196 nm), and (D) Hb in 3 M NH4Ac (texp = 1 s,
Df = 2754 nm, d = 169 nm). The scale bar corresponds to 10 nm.
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Fig. 3. Examples of (1) simulated images where interaction potential (IP) was constructed from only Vatom, and (2) with the IP calculated as combined potential Vatom þ Vbond.
(A) Voltage 80 kV, Magnification 100 k�, Df = 2000 nm, and integrated flux 100 e�/Å2; (B) Voltage 80 kV, Magnification 42 k�, Df = 6000 nm, and integrated flux 10 e�/Å2; (C)
and (D) are similar to (A) and (B), respectively but at a voltage of 300 kV. The scale bar corresponds to 10 nm.
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images. The experimental images at higher defocus values pro-
vide less details as is predicted by the simulations (the forth
and the fifth column (side view) in Fig. 4).

5.1.3. Integrated flux series and motion factor
Subsequently, we tested whether the simulations can predict

the effect of different integrated fluxes. After each defocus series,
another region of interest was selected and imaged with a
different integrated electron flux. The flux was kept constant
Please cite this article in press as: Vulović, M., et al. Image formation model
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(�2.5 e� Å�1 s�1 at 80 kV), while exposure times were set to 0.5 s,
1 s, and 2 s, producing an integrated flux per single frame of
�1.25 e�/Å, �2.5 e�/Å, and �5 e�/Å, respectively. Fig. 5 shows
experimental and simulated integrated flux series of 20S protea-
some top view (three parts subdivided in quadrants). We expect,
based on the experiments shown in Brilot et al. (2012), that the
beam-induced motion depends on the integrated flux. The effective
motion factors ranged from 4 Å to 10 Å. Modeling smaller motion
factors is not needed given our sampling density of 3.15 Å/pixel.
ing in cryo-electron microscopy. J. Struct. Biol. (2013), http://dx.doi.org/
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Fig. 4. Experimental and simulated defocus series of 20S proteasome at 80 kV and at a flux of �2.5 e� Å�2 s�1. First three columns (top view): texp = 0.5 s and defoci from left
to right 0.75, 1.3, 1.9 lm, respectively. Last two columns (side view): texp = 1 s and defoci 4.4, and 6.7 lm, respectively. The scale bar corresponds to 10 nm.

σmot = 6 Å σmot = 8 Å σmot = 10 Å

σmot = 0 Å σmot = 6 Åσmot = 0 Å σmot = 4 Å σmot = 0 Å σmot = 8 Å

(A) texp = 0.5 s (B) texp = 1 s (C) texp = 2 s

Fig. 5. Integrated flux series and varying motion factors rmot at 80 kV. The flux was �2.5 e� Å�2 s�1. The experimental images (upper left quadrants) are framed. The
simulated images with increasing motion factor are presented in anticlockwise direction. A higher integrated flux requires a larger motion factor. (A) texp = 0.5 s,
Df = 2492 nm, d = 85 nm (B) texp = 1 s, Df = 4392 nm, d = 92 nm, and (C) texp = 2 s, Df = 2509 nm, d = 69 nm. The scale bar corresponds to 5 nm.

(A) Simulation
     All e- are elastics

(B) Simulation
     Influence of inelastics

(C) Experiment
      Energy filtered

(D) Experiment
      Unfiltered

Fig. 6. Influence of inelastic scattering. (A) simulations of pure phase contrast, (B) simulations with inelastic scattering, (C) experimental zero-loss filtered images, and (D)
experimental unfiltered images. From top to bottom are presented hemoglobin in 3 M NH4Ac (texp = 1 s, Df = 4918 nm, d = 142 nm, rmot = 8 Å), and side view of 20S
proteasome (texp = 1 s, Df = 6713 nm, d = 80 nm, rmot = 0 Å). In order to use the same display stretching as in the other examples, the overall higher intensity in (A) was scaled
with a thickness dependent constant exp (�d/Kin), while in (D) we used the ratio between the median value of the filtered and unfiltered images. The scale bar corresponds to
10 nm.
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It can be seen that in the absence of motion factor modeling
(rmot = 0 Å) the simulated images at higher integrated fluxes
display a higher contrast and appear sharper than the experimen-
tal data. Incorporating a motion factor of rmot � 4 � 8 Å and
rmot � 6 � 10 Å at �2.5 e�/Å and �5 e�/Å, respectively let the
simulations be in good agreement with the experiments. Note that
the particles were selected from different areas of the specimen, so
they differ slightly in defocus and specimen thickness.

5.1.4. Inelastic contributions
Fig. 6A shows simulations where only pure phase contrast is

considered for the image formation and electron–specimen inter-
action. When inelastic events are considered (Fig. 6B), the vitreous
ice will damp the amplitude of the propagating wave exponentially
with increasing ice thickness. However, the difference between
inelastic scattering properties of the protein and that of the vitre-
ous ice (see Fig. 1) produces amplitude contrast. Since the inelas-
tics are modeled as the imaginary part of the interaction
potential, they are assumed to be removed from the image. There-
fore, the simulated images must be compared with zero-loss en-
ergy filtered experimental images (Fig. 6C). The latter excludes
most of the electrons with plasmon energy-losses. The objective
aperture was large (100 lm) allowing us to assume that all elasti-
cally scattered electrons reached the detector. Fig. 6D shows unfil-
tered experimental images where both elastics and inelastics were
detected, contributing to a stronger signal. However, the images
appear more blurry because the inelastics that reached the detec-
tor lost their coherency.

5.1.5. Camera’s DQE
Fig. 7 illustrates the necessity of modeling the detector’s DQE

instead of the commonly used MTF-only approach. The left image
(Fig. 7A) was simulated using Eq. (7), assuming that the signal and
noise are transferred with the same MTF (NTF = MTF). Fig. 7B
shows a simulation which takes into account the DQE and the
influence of the conversion factor on the image quality. The exper-
imental image (Fig. 7C) is comparable to Fig. 7B, showing the
importance of modeling the DQE.

5.1.6. Acceleration voltage influence
The low-frequency contrast in experimental and simulated

images at 300 kV acceleration voltage is smaller than at 80 kV
whereas the incident integrated flux was higher (see Figs. 8 and
2). This is in agreement with the energy dependent scattering
properties of the incident electrons, interaction constant (see Eq.
(4)), and the CTF. Additionally, the MTF and DQE of the CCD camera
decrease with increasing acceleration voltage contributing to a re-
duced low-frequency contrast (Meyer and Kirkland, 1998). How-
ever, these combined effects provide an apparent higher level of
details in the images (see Fig. 3). At 300 kV the motion factor ap-
pears to be smaller (Fig. 8), (data not shown for rmot > 0Å). In
(A) MTF = NTF (B) DQE m

Fig. 7. Influence of the camera’s DQE. (A) Simulated image assuming the same MTF for
DQE. (C) Experimental image (texp = 1 s, d = 92 nm, Df = 6713 nm, and rmot = 6 Å). The sc
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10.1016/j.jsb.2013.05.008
Fig. 8, it appears that the simulated images at 300 kV using only
Vatom (2) provide a stronger signal compared to the experimental
images (1) and to the images that use the combined potential
Vatom þ Vbond (3) (see also Fig. 3).

5.1.7. Amorphousness of the solvent
Fig. 9 shows the influence of the amorphousness of the solvent

on the image. The positions of the water molecules were simulated
via MD (see Section 3.1.4) in a 20 � 20 � 50 nm box and the inter-
action potential was generated via IASA. A region 1 modeled with
amorphousness is compared to a region 2 where the solvent is
modeled as a constant potential and the noise is only due to Pois-
son statistics. At the integrated flux used in experiments (Fig. 9A),
the difference between those two regions is not noticeable
(Fig. 9B). Simulated integrated flux series (Figs. 9C–F) suggests that
only at high integrated fluxes (>100 e�/Å2), high magnification, and
without beam-induced motion, the difference between Poisson
noise and solvent amorphousness becomes apparent (Fig. 9E). At
300 kV, the differences are less pronounced, even at a high inte-
grated flux (Fig. 9F).

6. Discussion

Here we highlight and discuss the aspects of our simulation
model.

6.1. Forward model

A structure deposited in the PDB contains type and position of
atoms in the molecule, although hydrogen atoms are usually lack-
ing. Some of the programs that offer the functionality of adding
hydrogen and other missing atoms are described in Hess et al.
(2008), Dolinsky et al. (2004), Vriend (1990). In our case, to calcu-
late Vatom, scattering factors for frequencies up to q = 4 Å�1 are
parameterized as a weighted sum of five Gaussians and provided
in Table 1 in Peng et al. (1998). Parameterizations of the scattering
factors up to q = 12 Å�1 (provided by Table 3 in Peng et al. (1998))
or using a combination of Gaussians and Lorentzians (Kirkland,
2010) would only be beneficial for very high scattering angles
and/or heavy atomic elements. Biological specimens mainly con-
sist of lighter elements such as H, C, O, and N, and the deviations
of the parameterized curves in Peng et al. (1998) for these ele-
ments, from the parameterizations in Kirkland (2010), are less than
0.1%. An advantage of using the parametrization as implemented
here is that it avoids singularities at zero distances from the atomic
nucleus. Here, calculations of Vatom are based on a slight modifica-
tion of Rullgård et al. (2011), in such way that low-pass filtering to
a certain resolution does not exceedingly damp the IP, and the sol-
vent is assumed to be vitreous ice instead of water (see Eq. (5) in
S.M.). Note that the difference between the inelastic mean free
paths of vitreous ice and protein (Fig. 1) contributes to the
odeled (C) Experiment

the signal and the noise. (B) Simulated image by taking into account the measured
ale bar corresponds to 5 nm.
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Fig. 8. Integrated flux series and Vbond influence of hemoglobin (Hb) at 300 kV. Flux was �5.5 e� Å�2 s�1. Experimental images (top row (1)), simulated images where the
interaction potential (IP) was constructed from only Vatom (middle row (2)), and simulated images with the IP calculated as combined potential Vatom þ Vbond (bottom row (3)).
The integrated flux series (A) texp = 0.5 s, Df = 5607 nm, d = 176 nm (B) texp = 1 s, Df = 5026 nm, d = 61 nm, and (C) texp = 2 s, Df = 5750 nm, d = 180 nm. Under these imaging
conditions there appears to be no requirement for inclusion of the motion factor. The scale bar corresponds to 10 nm.
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amplitude contrast, but the plasmons of the vitreous ice attenuate
the useful phase signal.

To describe electron wave propagation through a specimen
with a finite thickness and to account for multiple scattering
events, a multislice approach, inspired by Kirkland (2010) is used.
Criteria for applicability of the weak-phase object approximation,
projection assumption and multislice approach are presented in
Vulović et al. (submitted for publication). The criteria indicate that
the projected potential map of hemoglobin sampled with a 3 Å pix-
el size does not, strictly speaking, satisfy the projection assump-
tion, while the weak-phase object approximation holds. This
implies that the thickness of the specimen cannot be neglected.
Here, we simulated images of a single protein in a field of view
smaller than 400 � 400 pixels for which the multislice approach
took only a couple of seconds to compute. However, if one simu-
lates a (tilt) series of e.g. 4 k � 4 k images, several hours of compu-
tational time would be required. If we assume not more than one
(weak) elastic scattering event per incoming electron (first Born
approximation), the free-space (Fresnel) propagation through a
thick and/or tilted sample can be incorporated in the CTF (Philipp-
sen et al., 2007; Winkler and Taylor, 2003; DeRosier, 2000; Wan
et al., 2004). We provide the possibility of including such a geom-
etry in the CTF, which speeds up the forward computation (Voort-
man et al., 2011) as well as the 3DCTF correction (Voortman et al.,
2012). This approach assumes the weak-phase object approxima-
tion which is in our case satisfied but might not fulfilled for thicker
and/or tilted specimens and for higher resolution.

Performing MD simulations on a system consisting of both pro-
tein (GroEL) and solvent instead of doing it separately (Hall et al.,
2011) should provide a more realistic modeling of the hydration
shell of the protein (Shang and Sigworth, 2012). We expect it
should reduce the contrast between protein and environment,
Please cite this article in press as: Vulović, M., et al. Image formation model
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thereby further bridging the gap between simulations and experi-
ments. Incorporating such a model might be subject for further
studies. It has been reported recently (Shang and Sigworth, 2012)
that such MD simulations can be used to derive a continuum mod-
el which describes the density of the water molecules surrounding
a protein surface. Our current multislice algorithm does not require
an explicit atomistic model of the solvent as in Hall et al. (2011).

As TEM image formation usually involves only small angle scat-
tering events, it is possible to ignore off-axis and higher order aber-
rations and only consider axial aberrations (Peng et al., 2004). As
our implementation is modular, there is a possibility of including
higher order axial and non-axial aberrations in the future.

The insufficient SNR due to the low-flux imaging conditions
and/or due to the beam-induced movements caused that we could
not provide experimental evidence of amorphousness due to the
solvent in our samples (compare Fig. 9). Consequently, the solvent
can be modeled as a continuous medium, simplifying the simula-
tions. Furthermore, by modeling the solvent as vitreous ice, 7% less
dense than water at room temperature (Alcorn and Juers, 2010),
our predicted contrast would be slightly increased compared to
Hall et al. (2011), Rullgård et al. (2011).

Noise in the images is mainly Poisson distributed, and strictly
speaking signal-dependent. Here, we introduce a new way of mod-
eling DQE which separates the signal and the noise transfer. An
accurate description of the signal/noise transfer may facilitate
the regularization in the reconstruction methods.

6.2. Poisson–Boltzmann (PB) approach

We characterize the influence of the solvent dielectric proper-
ties, ionic strength and electrostatic distribution within a molecule
for TEM simulations and compare these with the isolated atom
ing in cryo-electron microscopy. J. Struct. Biol. (2013), http://dx.doi.org/
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Fig. 9. Influence of the amorphousness of the solvent (region 1 between two
horizontal lines) compared to Poisson noise only (region 2 below and above lines).
(A) experiment and (B) simulation (voltage 80 kV, magnification 42 k�, integrated
flux �5 e�/Å2, Df = 2718 nm, d = 120 nm, rmot = 6 Å); (C)–(F) Amorphousness
dependence in simulations with varying integrated flux and voltage (magnification
100 k�, Df = 1 lm, d = 20 nm); for display purposes a percentile stretch was used
(the lower and upper 1% of the gray values were clipped before stretching) (C)
integrated flux 10 e�/Å2 at 80 kV; (D) integrated flux 100 e�/Å2 at 80 kV; (E)
integrated flux 500 e�/Å2 at 80 kV; (F) integrated flux 500 e�/Å2 at 300 kV. The scale
bar corresponds to 10 nm.
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superposition approximation (IASA) where atoms are treated in
isolation. The redistribution of the potential due to the interactions
is modeled via a PB approach. The ratio Rbond between the mean
squared ’’bond’’ (PB) and ‘‘atom’’ (IASA) potential contributions
ranged from 6 to 10%, suggesting that the Vatom contribution is
the dominant part of the interaction potential. The mean value
was subtracted from these potentials prior to calculating Rbond

since the mean value does not influence the phase contrast (Vul-
ović et al., submitted for publication). Comparing simulated images
where the IP was constructed only via Vatom with the ones where
the IP was calculated by combining Vatom and Vbond did not show
significant differences. In general, the images with the combined
IP show weaker ringing effects around the protein edges (Fig. 2),
better matching the corresponding experimental images. The sim-
ulations suggested that the differences would be more pronounced
for higher SNR (Fig. 3). Increasing the ion concentration in the
hemoglobin solution resulted in a slight decrease of the mean
Vbond. A possible explanation is that the electrostatic shielding of
Please cite this article in press as: Vulović, M., et al. Image formation model
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the protein with a negative net charge produces smaller absolute
values of Vbond for higher ion concentrations.

In material science, it has been reported (Kirkland, 2010) that
errors up to 10% in calculation of electron scattering factors can oc-
cur due to the modeling of atoms as isotropic. The PB approach
does not aim to accurately characterize the bonding between the
individual atoms but focuses on the macroscopic influence of the
solvent and ions on the potential distribution. The accuracy of PB
approaches decreases in the region very close to the nucleus since
the partial (net) charges are placed at the position of the nucleus
(see Section 1.4 in S.M.). The main benefit of the PB method lays
therefore in the description of the potential redistribution due to
the interaction with the solvent and its ions. Here, we have chosen
APBS (Baker et al., 2001), a software package for numerically solv-
ing the PB equation based on finite elements. There are, however,
other approaches, such as the boundary element solution (Bajaj
et al., 2011), which may provide a faster and more accurate
description of the potential at the protein boundaries. In this anal-
ysis we studied oligomeric macromolecules. The influence of the
PB approach might be different for non-oligomeric macromole-
cules. Furthermore, the PB approach might facilitate the interpre-
tation of transient states.

6.3. Beam-induced movements

Beam-induced specimen movements have long been recog-
nized as one of the main factors attenuating the signal in cryo-
EM (Henderson and Glaeser, 1985; Bullough and Henderson,
1987). It has been suggested that the main causes of this local mo-
tion are specimen deformation and radiation damage during the
exposure (Glaeser and Taylor, 1978; Glaeser, 2008; Brilot et al.,
2012; Karimi Nejadasl et al., 2013), and/or charging (Henderson,
1992; Glaeser and Downing, 2004). The inclusion of the motion
factor blurs the simulated images to better match the experimental
images. This effect is analogous to the damping envelope due to
misalignment in SPA (Jensen, 2001). Our approach to include this
damping effect is inspired by recent experiments of Brilot et al.
(2012) who aimed to quantify the flux-dependent beam-induced
movements.

In our analysis, the derived motion factors are similar to the dis-
placement values reported in Brilot et al. (2012), Li et al. (2013).
Our observations are consistent with their suggestions that (i)
the motion is larger for higher fluxes, and (ii) the motion rate de-
creases with exposure time showing that the motion is worst at
the beginning of the exposure. In our case, the total dose that a
specimen received could be up to 10� larger than the dose used
to acquire individual images since we acquired numerous exposure
series, e.g. at different defoci or with/without energy filter.

Henderson and Glaeser (1985) suggested that some type of
beam-induced movements of the specimens (around 5 Å or more)
must occur in approximately equal amounts in all directions. Li
et al. (2013) found that this motion is not unidirectional, whereas
Brilot et al. (2012) reported directional preference of movements.
The simulator accounts for isotropic motion and can be extended
to model any particle trajectory during acquisition. However, if
such a trajectory is known, it is preferred to correct for it by align-
ing and averaging the frames captured by a direct electron
detector.

Our effective motion factor is smaller at 300 kV than at 80 kV.
This could be related to numerous effects including differences in
inelastic cross-sections, beam quality, or ice thickness. Note that
the integrated electron flux used for 300 kV was about two times
larger than at 80 kV in order to have similar deposited energy
per mass (dose). The ability to recognize amorphousness of the
specimen/solvent decreases due to the beam-induced motion.
Due to the large variation in the magnitude of the movements,
ing in cryo-electron microscopy. J. Struct. Biol. (2013), http://dx.doi.org/
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some particles can have better contrast than others within the
same field of view. The challenge remains how to avoid or auto-
matically correct for beam-induced motion (Brilot et al., 2012).

6.4. Validation

In previous work on accurate forward modeling, only the Tobac-
co Mosaic Virus (TMV) was characterized (Hall et al., 2011) and
compared with experiments (Rullgård et al., 2011). The advantage
of TMV as a test sample is that the averaged 1D profile across the
virus yields a high SNR and can be used for quantitative compari-
sons. Here, we analyzed three different biological specimens (20S
proteasome, hemoglobin, and GroEL) in different embedding mate-
rials. Each simulation parameter relates directly to a physical
quantity, but a strict quantitative comparison to cryo-EM images
is difficult due to the high level of noise and challenging alignment,
even for 1D-averaged profiles. For unbiased signal comparison, the
display of each image was stretched to match the corresponding
experimental image. For visual comparisons we simulated ten dif-
ferent noise realizations (data not shown), confirming that the
noise did not change the appearance of the features. A comprehen-
sive quantitative comparison in cryo-EM is mainly compromised
by the low SNR. For completeness, it should be mentioned that also
in material science, although dealing with much higher SNR, vali-
dation of simulations is usually done only visually (Kirkland
et al., 2008; Kirkland, 2010), even though there are attempts of
using more quantitative approaches (Mobus et al., 1998; Tang
et al., 1993; Tang et al., 1994; Saxton, 1997). In Section 5 in S.M.,
we present simulated and experimental images of carbon edges
and carbon nanotubes and their 1D-averaged profiles for a more
quantitative comparison. Advantages of using carbon edges and
nanotubes for validation include the simplicity of their model
and radiation hardness compared to cryo-EM.

Most simulation parameters described in Rullgård et al. (2011)
are based on physical principles. They need to employ, however, a
calibration protocol for some parameters that are phenomenolog-
ically introduced, requiring their tuning. Examples of such param-
eters are amorphousness, absorption potential, as well as camera
parameters such as the MTF, DQE, and conversion factor. The ice
thickness in Rullgård et al. (2011) was estimated from one spot
although the thickness can vary significantly throughout the field
of view. An advantage of the ice thickness measurements via an en-
ergy filter as described in this paper is that it is relatively fast
experimentally and provides information about the local thickness.
We assume that the energy filter was stable during acquisition as
characterized in Lücken et al. (2008), without significantly compro-
mising the accuracy of the thickness measurements. However, the
experimentally determined values of mean free inelastic path used
to estimate the thickness can vary noticeably (Feja and Aebi, 1999).
Defocus values normally deviate from the values requested from
the microscope. We estimate defocus and astigmatism on the adja-
cent carbon area which could, in principle, differ from the values at
the region of interest due to the non-perpendicular pose of the
sample relative to the beam. Although a model for the absorption
potential was introduced in Rullgård et al. (2011), simulated data
were compared against unfiltered experimental images which also
contain inelastically scattered electrons. However, any modeling
based on the imaginary part of the IP (analogously to Beer–Lam-
bert law) assumes that those inelastic electrons are removed from
the image, requiring a comparison with zero-loss energy filtered
images.

Implemented in the C programming language, the user-friendly
TEM-simulator (Rullgård et al., 2011) represents a good starting
point for image simulations in cryo-EM. The novel aspects de-
scribed and analyzed in this paper are included in InSilicoTEM, a
simulator implemented in MATLAB.
Please cite this article in press as: Vulović, M., et al. Image formation model
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6.5. Outlook

Accurate image simulations help to understand how the re-
corded image is formed, indicate ways to optimize data acquisition
and microscope settings, and provide insight on ways to improve
instrumentation. As an integral part of an accurate forward model,
the estimation of parameters such as defocus and astigmatism
(Vulović et al., 2012) and camera’s MTF and DQE (Vulović et al.,
2010) is essential and necessary for the CTF correction and/or reg-
ularization of the reconstruction approaches.

In addition to improving computational methods, the experi-
mental developments should allow better transfer of the scattered
electron wave onto the recorded image intensity. These experi-
mental improvements are being achieved mostly by better sample
preparation, by minimizing noise using direct electron detectors
and electron counters, by improving the effective CTF via phase
plates and more coherent electron sources, and by minimizing
the effective beam-induced movements of the specimen.

The magnitude of the beam-induced movements must be re-
duced in order to increase the contrast in the images. Their effect
can be somewhat decreased by lowering the flux, using a smaller
carbon hole size, or by pre-irradiation. Postprocessing alignment
and averaging the frames captured by a direct electron detector
can further reduce blurring in the final images (Brilot et al.,
2012; Campbell et al., 2012; Karimi Nejadasl et al., 2013; Bai
et al., 2013; Li et al., 2013). It is expected that dose fractionation
and superresolution (beyond-Nyquist) EM using electron counting
devices can reduce the influence of beam-induced movements,
improving the achievable contrast in cryo-EM images. The modu-
larity of InSilicoTEM allows integration of new physical parameters
as well as modeling the influence of new hardware components
such as the new generation of direct electron detectors.

The simulator could help to assess whether it is possible to re-
solve a specific macromolecule using a certain set of instrumental
and processing parameters. It will be possible to easily and cost-
effectively investigate the influence of new data acquisition tech-
niques and advanced instrumentation, and to facilitate the devel-
opment and evaluation of reconstruction and image processing
techniques. In addition to the known PDB file, the input for InSili-
coTEM simulator can also be a previously reconstructed 3D poten-
tial map of a sample. The simulator could furthermore facilitate the
identification of molecular assemblies within the cell, a docking
process where atomic models are fitted into cryo-EM obtained
maps, and testing whether a proposed 3D model of a macromole-
cule is in agreement with the features observed in the micro-
graphs. In electron tomography, iterative reconstruction schemes
such as simultaneous iterative reconstruction technique attempt
to minimize the difference between projections and simulated
reprojections of the 3D map. From the differences between ob-
served and simulated images one can often derive information to
refine the model. The model parameters are iterated until simu-
lated images best describe those observed. We expect that an accu-
rate forward model based on physical principles will facilitate such
iterative scheme and reconstruction resulting in the 3D potential
map.
7. Conclusions

We described an approach to simulate image formation in cryo-
EM based on physical principles and taking into account the influ-
ence of the specimen and its surroundings, the optics of the micro-
scope and the detector. Simulated and experimental images were
generated under various settings and visually compared. Gener-
ated images adequately predict the effects of the phase contrast
introduced by defocusing (Fig. 4), the changes due to the electron
ing in cryo-electron microscopy. J. Struct. Biol. (2013), http://dx.doi.org/
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flux (Fig. 5), the influence of inelastic scattering (Fig. 6), camera
DQE (Fig. 7), and the acceleration voltage (Fig. 8).

Various buffer compositions have been used to evaluate the
influence of charge redistributions for the hemoglobin sample.
The contribution of this redistribution to the interaction potential
appears to be less than 10% for all these cases and is mostly visible
by the slightly less contrast at protein-solvent interfaces compared
to the images calculated using only the IASA-based potential.

Increasing the integrated electron flux showed the benefit of
introducing a motion factor which could be related to the beam-in-
duced motions. For the 20S proteasome images taken at exposure
times of 0.5 s, 1 s, and 2 s, the motion factors were in the range of
�4 Å, �6 Å, �8 Å, respectively (see Fig. 5). At 300 kV the motion
factor appears to be smaller (Fig. 8). The varying contrast of the
particles within a field of view can be explained by the apparently
space-variant beam-induced movements.

For typical integrated electron fluxes in cryo-EM (<100 e�/Å2),
the influence of the amorphousness of the solvent can be neglected
since Poisson noise is the dominant noise source in the image (see
Fig. 9) and the solvent can be modeled as a continuum.

The theory and methods provided here represent the basis of an
expert system that could optimize the data collection strategy and
inexpensively and efficiently investigate the influence of the new
hardware.
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