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Abstract

Recent advances in single-particle electron cryo-microscopy (cryo-EM) were largely facili-

tated by the application of direct electron detection cameras. These cameras feature not

only a significant improvement in detective quantum efficiency but also a high frame rate

that enables images to be acquired as ‘movies’ made of stacks of many frames. In this

review, we discuss how the applications of direct electron detection cameras in cryo-EM

have changed the way the data are acquired.
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Introduction

Single-particle electron cryo-microscopy (cryo-EM) determines
three-dimensional (3D) structures of biological macromole-
cules from electron microscopic images of macromolecules
embedded in a thin layer of vitreous ice in random orienta-
tions. Each image represents a specific projection view of
the molecule along the direction of the electron beam. A 3D
structure of the macromolecule is reconstructed computa-
tionally by combining many different views of the same
molecule [1]. In cryo-EM, radiation damage of biological
molecules by the high-energy electron beam is a major con-
cern and predetermines how cryo-EM images are recorded
in the past. To preserve high-resolution structural informa-
tion, images were recorded with an extremely low total elec-
tron dose, usually below 20e− Å−2 at the specimen level [2].
In comparison, total electron typically used to image inor-
ganic specimens, such as oriented gold, is 10–100 times
higher. Such low electron dose leads to an extremely low
signal-to-noise ratio (SNR) in individual images. To obtain

a 3D reconstruction at high resolution, it is necessary to
align and average tens of thousands (or even hundreds of
thousands) of individual particle images to provide different
projection views of the macromolecule and more import-
antly to improve the SNR of the reconstruction. Many years
ago, Richard Henderson analyzed the scattering power of
high-energy electrons by biological macromolecules and
predicted that it is possible to determine a 3D structure of
an asymmetrical biological macromolecule as small as
100 kDa in molecular weight to resolutions better than 3 Å
by using <10 000 projection images [3]. While this goal has
not yet been accomplished fully, novel technologies and
rapid progress associated with these novel technologies in
recent years have moved the technique of single-particle
cryo-EM closer to accomplishing this goal than ever before.

High-resolution structure determination by single-particle
cryo-EM requires collecting and processing a large number
of cryo-EM images of frozen hydrated samples. Assuming
each electron micrograph contains ∼100 particles, a complete
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dataset would require hundreds or even thousands of
electron micrographs. Considering that sample heterogen-
eity, both conformational and compositional, is inevitably
present in almost every biochemically well-behaved sample,
computationally sorting out a homogeneous subset of
images for high-resolution 3D reconstruction would require
starting with an even larger dataset. Consequently, through-
put is clearly a major factor that one has to consider in col-
lecting single-particle cryo-EM dataset. Furthermore, a
high-quality image must contain sufficient signals at both
high and low resolutions. The quality of the data can be
evaluated based on the visibility of Thon rings in the
power spectra calculated from the EM images. Structure
determination aiming to achieve high resolution requires
images that give Thon rings extending to high resolution.
At the same time, the low-resolution signal that contri-
butes to image contrast is important for particle picking
and image processing. In this review, we focus our discus-
sions on how technological breakthroughs in cameras
influence the ways that single-particle cryo-EM data are
acquired.

Image acquisition prior to direct electron
detection

Traditionally, electron micrographs of frozen hydrated bio-
logical molecules were recorded with either photographic
film or scintillator-based digital cameras, such as charge-
coupled device (CCD) or complementary metal-oxide semi-
conductor (CMOS) cameras. In general, photographic film
provides a better detective quantum efficiency (DQE, a
measure of camera performance as a function of spatial fre-
quency) at high frequency than scintillator-based cameras
[4,5]. It also has a larger size than all digital cameras. After
digitization using a scanner with 7 μm step size, a 10 cm × 8
cm photographic film becomes a digital image of ∼12 k ×
10 k pixels. In comparison, the sensors of most digital
cameras only have 4 k × 4 k or fewer pixels, except a
handful that have 8 k × 8 k pixels. Thus, film was often the
preferred medium to record cryo-EM images for high-
resolution structure determination, both for single-particle
cryo-EM and electron crystallography experiments [6,7].
When using photographic film for high-resolution cryo-EM
image acquisition, a user needs to consider matching the
magnification of the microscope with the scanner step size
so that the targeted resolution corresponds to about half of
the Nyquist frequency. The beam intensity should be opti-
mized to have an exposure time preferably <1 s (so that
sample motion-induced deterioration of image quality can
be minimized) and film optical density close to 1. Defocus
needs to be set high enough to produce sufficient image con-
trast for particle visualization. The contrast of cryo-EM

images recorded using photographic films is often poor
because film has a poor DQE at low frequency, forcing
images to be recorded with relative high defocii [8]. Film
does not have the capability of providing immediate feed-
back, thus preventing automated data acquisition. It re-
quires chemical development and fixation, followed by
extensive washing and drying, before it can be digitized
using a high-quality scanner. This tedious process greatly
limits the throughput of single-particle cryo-EM and elec-
tron crystallography.

Compared with film, scintillator-based digital cameras,
either CCD or CMOS, have the benefit of providing digital
images immediately after exposure, which greatly facilitated
the implementation of automated image acquisitions [9].
These cameras use a thin layer of phosphor scintillator to
convert signals from incident electrons to photons that are
then recorded by the cameras. They typically have a poorer
high-frequency DQE but a better low-frequency DQE than
film [4,5]. Thus, images recorded using cameras with scintil-
lator often have better contrast than photographic film
recorded under the same condition. Concerning the poor
high-frequency DQE, images are usually recorded at a
higher magnification to take advantage of better DQE at
low frequency. Higher magnification, however, reduces the
total number of particles captured in a single micrograph.
Thus, collecting images with either film or scintillator-based
CCD/CMOS camera would require optimizing the imaging
conditions accordingly.

Image acquisition using direct electron
detection cameras

The wide application of direct electron detection device
(DDD) cameras enabled a ‘resolution revolution’ in single-
particle cryo-EM [10]. All DDD cameras have significantly
higher DQEs than photographic film and scintillator-based
cameras [4,5,11]. The high frame rate of DDD cameras
enables the recording of cryo-EM data as dose-fractionated
image stacks instead of as a single micrograph [12]. Col-
lection of image stacks enables correction of stage- or
beam-induced motion and significantly improves image
quality by recovering the high-resolution signal deterio-
rated by that motion [4,13,14]. Furthermore, it provides
an effective way to deal with rapid radiation damage,
allowing images to be recorded with a significantly higher
total electron dose because high-resolution noise from the
later frames may be removed or down-weighted at a later
stage of image processing [4,15]. This approach boosts
image contrast and, at the same time, excludes high-
frequency noise caused by radiation damage from the final
reconstruction. Together, these novel features of DDD
enable routine near-atomic structure determination of
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biological macromolecules, from large assemblies to small
integral membrane proteins.

DDD cameras operated in integration mode record elec-
tron micrographs by integrating charges generated by high-
energy electrons striking the camera sensor. Without a
phosphor scintillator to convert the primary electron signal
to light signal, charges generated by a single primary elec-
tron event distribute over a small region with a much
smaller point-spread function (PSF), which leads to a signifi-
cantly improved DQE. All commercial DDD cameras
(Falcon camera from FEI Company, DE camera from Direct
Electron and K2 camera from Gatan, Inc.) can operate in
this way. In addition to integration mode, the K2 Summit
records electron micrographs by counting individual
primary electron events and centroiding the event to an area
that is a quarter of the pixel. It achieves single electron
counting by using a high internal frame rate of 400 frames
per second (fps) so that in each frame the individual pri-
mary electron events can be identified and counted. Count-
ing primary electron events not only reduces the PSF to a
single pixel, but it also removes the Landau noise as well as
readout noise, which is inevitable in regular charge integra-
tion mode. Single electron counting greatly improves the
DQE, particularly, at low resolution [4]. Centroiding quad-
ruples the total number of pixel in an image and extends the
Nyquist limit to twice of the Nyquist limit defined by the
physical pixel size. The drawback of a counting camera is
that it requires a relatively low electron dose rate on the
camera to minimize the effect of coincidence loss, i.e., when
two primary electron events overlap, only one event is
counted and the other is lost, which causes certain image
artifacts [16].

DDD cameras have unique properties in comparison
with films and scintillator-based cameras. They have com-
pletely changed the way how cryo-EM images are acquired.
To take full advantage of DDD cameras, it is necessary to
optimize the data acquisition strategy based on the type of
the camera used. For the K2 Summit operating in counting
mode, it is important to optimize the dose rate on the
camera. Typically, images are recorded at a dose rate of
10e− pixel−1 s−1 [4,17] or less [18]. Using lower dose rate
can improve DQE, but at the expense of a longer exposure
time to accumulate the same total dose, which may lead to
larger file sizes. In addition, when images are recorded using
the same number of frames per second, lower dose rate
results in lower SNR per frame, making it harder for motion
correction. However, these drawbacks could be overcome
by more robust algorithms for motion correction and better
methods of data compression and storage.

Despite all of the benefits discussed above, users of
DDDs may face new challenges due to the unique design of
these devices. One of them is the smaller pixel size compared

with common CCD cameras. The size of a pixel of a CCD
camera is typically around 15 μm. When working with
CCD cameras installed on FEI microscopes without energy
filters, the typical nominal magnification that gives a pixel
size of 1 Å at the specimen level is around 100 000×. In this
magnification range, projection lenses are well tuned to min-
imize distortions. Among the three series of DDDs, the FEI
Falcon has a pixel size of 14 μm, thus allowing users to
work at similar nominal magnifications as they do with
CCD cameras. However, the Gatan K2 series and Direct
Electron DE series have pixel sizes between 5 and 6.5 μm
and thus require users to use a significantly lower magnifica-
tion in order to achieve a comparable pixel size at the speci-
men level [4]. There are multiple reports of observation of
anisotropic magnification on FEI microscopes equipped
with K2 cameras [19] with the distortion of usually a few
percent. This problem needs to be resolved by manufac-
turers by improving microscope performance at lower mag-
nifications. It is also possible to compensate for the
distortion by post-processing. A small amount of aniso-
tropic magnification may not have a big effect on small pro-
teins, but it can be very detrimental to large complexes, such
as a ribosome or a virus. There are multiple ways to correct
the distortion [19,20], including real space stretching using
bilinear interpolation and the Fourier space interpolation
[15,21].

In addition to anisotropic magnification, low nominal
magnification poses another potential problem for early
generations of FEI microscopes without constant power
lenses. At certain magnifications near 30 000×, the inter-
mediate lens is nearly switched off, causing a measurable
reduction in image quality. The influence of this effect on
the final results has yet to be well characterized. It may also
depend on individual microscopes.

Processing image stacks

It is possible to obtain a high-resolution structure without
collecting images as stacks and correcting sample motions
captured during the exposure [22]. There are various experi-
mental approaches aimed at reducing beam-induced image
motion, such as using spots-scan imaging technique [23], a
thick continuous carbon layer to support the sample [24],
using gold grids [25] or using special objective aperture
[26]. However, all these methods reduce but do not com-
pletely eliminate image motion, either from charge-induced
imagemotion or thermal-instability-induced sample motion.
Collecting cryo-EM data as image stacks and correcting
motion computationally may improve image quality, if done
properly.

All three types of commercial DDD cameras are capable
of recording cryo-EM images as image stacks with output

Microscopy, 2016, Vol. 65, No. 1 37



frame rates ranging from 18 to 40 fps. When using integra-
tion mode, the typical exposure time is relatively short,
around 1 s. These ‘movies’ contain mostly charge-induced
motion [13]. For K2 Summit operating in counting mode,
coincidence loss is a major concern, and the optimal total
exposure time is significantly longer. Motion captured in
these ‘movie’ stacks is a combination of charge-induced
motion and long-range sample drift [4]. Without correction,
this image motion could severely deteriorate image quality.

Various tools are now available to correct image motion
recorded in ‘movie’ stacks, such as Motioncorr [4], movie
processing in RELION [13,27], optical flow [28] and
alignparts lmbfgs [29]. Furthermore, tools that are used to
align tilt series from tomographic data can be repurposed to

align movie frames of single-particle data recorded with
DDDs [18]. Each tool has its unique approach and features
that are specifically designed to deal with either global or
local motion (such as correcting motion per particle).
Images recorded with the K2 Summit usually contain some
global motions, due to the relative long exposure time being
used, in contrast to images recorded using integration mode,
with typically less global motion. Thus, depending on how
cryo-EM images are recorded, one motion correction algo-
rithm may work better than the other, and it may be neces-
sary to combine different algorithms.

In addition to correcting image motion, recording a
cryo-EM image as a ‘movie’ stack also provides means to
deal with radiation damage. Nowadays, cryo-EM images

Fig. 1. Comparison of images recorded from different ice thicknesses. Images of frozen hydrated ribosome particles without a

supporting carbon film were recorded from different areas of the same grid. FFT (a) of an image from thin ice (c) has visible Thon

rings at ∼3 Å resolution. FFT (b) of an image from thick ice (d) has fewer Thon rings.
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are routinely recorded using a significantly higher total dose
on the specimen than what was typically used prior to the
‘DDD era’ (∼20e− Å−2). One can select different ranges of
frames for different purposes. For example, after image
motion correction, a simple average of the entire stack
usually has strong image contrast, essential for particle
picking and facilitating accurate particle alignment. After
obtaining a good alignment, the user may discard the first
few frames, which usually suffer a large uncorrectable
motion, and the later ones that suffer significant radiation
damage and only use frames that have well-preserved high-
resolution signals to calculate the final reconstruction
[4,17,18]. Instead of discarding the frames that are deterio-
rated by motion or radiation damage, a better approach is
to apply a low-pass filter to each frame, down-weighting
compromised high-resolution signal in frames before aver-
aging them. Such frame weighting strategies are implemen-
ted in a number of software packages [15,27].

Potential limitations and possible approaches
to overcome

A number of reviews or studies have discussed possible
factors that may limit the resolution of single-particle recon-
struction [30]. Sample heterogeneity is clearly a major
factor that influences the achievable resolution. This situ-
ation can be improved either biochemically or computation-
ally. In addition, there are many other experimental factors

that may limit image quality and ultimately limit the final
resolution of a 3D reconstruction. Current motion correc-
tion algorithms are still not perfect, and there is also
un-correctable motion that is captured in a single frame
(especially, in the first few frames). High-frequency acoustic
noise could induce sample vibration that cannot be cor-
rected computationally. Imperfect illumination and optical
aberrations could cause geometric distortions in images.
Furthermore, ice thickness has a strong influence on the
final achievable resolution of single-particle reconstruction.
Images recorded from thin ice often show visible Thon rings
at a higher resolution than that of images recorded from
thicker ice (Fig. 1). When a molecule is embedded in a layer
of vitreous ice that is much thicker than the diameter of the
molecule, particles are distributed at different z-position
along the direction of the electron beam. As fitting Thon
rings to the calculated power spectrum of a micrograph only
gives the average defocus values, each particle in the micro-
graph has an error in defocus associated with their individ-
ual z-positions. Averaging particles with defocii distributed
over a range due to the ice thickness causes deterioration of
the high-resolution structural information (Fig. 2).

Ideally, ice should be as thin as possible to still accommo-
date the particle of interest. Careful selection of images
taken from holes with the thinnest possible ice helps to
improve the Thon ring visibility at high frequencies, as well
as the resolution of the final 3D reconstruction [18]. How-
ever, this is not a generally applicable approach. Making

Fig. 2. Influence of ice thickness on CTF. With the average defocus set to −1 μm, the CTF were averaged over different ice thickness:

500 Å (red), 1000 Å (green), 1500 (light blue) and 2000 Å (dark blue). The envelope of the CTF drops significantly with increasing

ice thickness.
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cryo-EM grids with thin ice is not always possible, as parti-
cles are often only distributed in areas where ice is much
thicker than the size of the particle. Integral membrane pro-
teins solubilized in detergent often behave in this way [31]. An
ultimate solution would be to determine (or refine) defocus
values for individual particles within the same micrograph.
However, current structure refinement procedures cannot
produce reliable and accurate defocus value for individual
particles. Because low-resolution image information is not
as sensitive to Contrast Transfer Function (CTF) modulation
as high-resolution information, accurate CTF determination
would require including noisy high-resolution information
into the refinement. However, including high-resolution infor-
mation during refinement may lead to model-induced bias,
which is a major concern in all image-processing strategies.
An alternative solution to circumvent the problem is to record
images with low defocii. These images have fewer CTF oscilla-
tions beyond the first zero, and CTF correction can tolerate
more defocus error. However, the caveat is that low contrast
may make motion corrections harder. If robust phase plates
become available, cryo-EM images could be collected at close
to the Scherzer focus. Since there would be no CTF correction
within the first CTF zero, images would be insensitive to
certain level of defocus error.

Conclusion

For many years, it has been known that a modern electron
microscope equipped with a field emission gun (FEG) elec-
tron source has the capability of delivering images of an
inorganic material specimen at atomic resolution [32]. Trad-
itional methods of collecting cryo-EM images had to deal
with two major technical limitations. One is the radiation
damage that limits the total dose that can be used to image
biological molecules and results in noisy images. The other
is beam-induced image motion, which deteriorates high-
resolution signals captured in images. It was difficult to cir-
cumvent these two limiting factors by using traditional
methods with photographic film or scintillator-based digital
cameras. DDD-based movie technology enabled us to over-
come these limiting factors and enabled single-particle
cryo-EM to achieve near-atomic resolution structure deter-
mination rather quickly and routinely. By optimizing imaging
conditions according to specific characteristics of the camera
being used, it is possible to push cryo-EM technology fur-
ther to achieve higher resolutions from a broader range of
biological molecules.
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