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Abstract
A prediction-based scheme is proposed and implemented for automated electron microscopic tomography. By assuming that the
sample follows a simple geometric rotation and that the optical system can be characterized in terms of an oﬀset between the optical
and mechanical axes, it is found that the image movement in the x, y, and z directions due to stage tilt can be dynamically predicted
with desired accuracy (15 nm in x–y position and 100 nm in focus). Thus, the microscope optical system (beam/image shift and focus)
can be automatically adjusted to compensate for the predicted image movement prior to taking the projected image at each tilt
angle. As a consequence, it is not necessary to either record additional images for tracking and focusing during the course of data
collections or to spend valuable setup time in a lengthy pre-calibration of stage motions. Furthermore, this scheme is also found to
tolerate a signiﬁcant degree of non-eucentricity and to be quite robust in the collection of regular and cryo low-dose images on thin
or thick samples even at magniﬁcations greater than 62 000 and angular step as large as 10°. For interested users the software can
be freely downloaded for non-proﬁt use at http://www.msg.ucsf.edu/tomography.
Ó 2004 Elsevier Inc. All rights reserved.
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1. Introduction
Electron microscopic tomography (EMT) is ideally
suited to the examination of complex three-dimensional
biological structures that fall within the very wide gap
between atomic structures deﬁned by X-ray crystallography and the more global patterns of organization that
can be observed by light microscopy. Because of its
versatility, considerable eﬀort has been devoted to the
development of EMT in order to facilitate its use by
non-experts within the cell biology community. The idea
of EMT is straightforward; specimens are tilted over a
large angular range (ideally, between 70°) and imaged
at each tilt angle. Three-dimensional (3D) reconstructions are then performed from those projected images.
However, a major practical diﬃculty is the mechanical
imperfection of the available goniometer tilt stages and
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the inability to precisely set the eucentric height of the
sample. As a result, specimens can experience signiﬁcant
shifts in the x, y, and z directions during the course of
data acquisition. Even with very large CCD imagers, at
high magniﬁcation (P50 000), the x and y translations
can be large enough to shift the specimen out of the ﬁeld
view. Simultaneously, the resulting z shift leads to severe
focus changes, making it diﬃcult to generate an accurate
3D reconstruction. Prior to automated EMT, users were
required to manually recenter the specimen and readjust
focus. Not only was this manual operation ineﬃcient,
but it also resulted in a signiﬁcant increase in electron
dose. For some time, automated EMT (Dierksen et al.,
1992; Downing et al., 1992; Koster et al., 1992) has
endeavored to solve these problems. The central idea is
to accurately determine the x, y, and z shifts that result
from stage tilting and to then automatically compensate
for the x, y shifts using microscope beam and image shift
coils and z (focus) shifts by altering the objective lens
current.
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Although EMT was recognized as a powerful 3D
imaging tool in 1968 (DeRosier and Klug, 1968; Hart,
1968), automated systems only became available in the
early 1990s, beneﬁting from the advent of the computercontrolled transmission electron microscopes and scientiﬁc grade slow scan CCD cameras (Dierksen et al.,
1992, 1993; Koster et al., 1992, 1993). Those early systems sought to automate the tilting, translation, focusing, and image acquisition steps. During the data
collection, images taken before and after each tilt were
cross-correlated to measure the specimen translation in
the x–y plane. The amount of translation was then
compensated by adjusting the image and beam shift
coils. To attain accuracy better than 1%, the shift correction procedure was typically repeated. Similarly, focus could be measured at each tilt angle using the beam
tilt method (Koster et al., 1992) and then reset to the
desired value by adjusting the objective lens current.
This correction procedure could also be repeated to gain
higher accuracy. Through such an automation procedure, a dose savings of as much as 100-fold was
achieved. Automation also resulted in a signiﬁcant time
saving (Braunfeld et al., 1994; Koster et al., 1992).
However, the extra dose required to monitor the shift
and focus changes can amount to 11% of the total dose
(Koster et al., 1997).
Given the growing interest in cryo EMT (Baumeister,
2002; Braunfeld et al., 1994; Rath et al., 1997; Steven
and Aebi, 2003), minimizing the extra dose involved in
auto tracking and focusing procedures becomes critical.
So far, two approaches have been proposed to alleviate
this. The earlier solution achieved this goal by distributing the ancillary exposures required for the purpose of
recentering and refocusing to areas outside the area
containing the object to be reconstructed (Dierksen
et al., 1992; Grimm et al., 1997; Rath et al., 1997). More
recently, Ziese et al. (2002) suggested the possibility of
pre-calibrating the image movement in the xy plane
(image shifts) and the z direction (focus change) prior to
data collection. Those calibration curves would then be
employed during data collection to determine the specimen movement that will be compensated. They showed
5-fold speed improvement in data collection compared
to the previous EMT approach. A variation of this approach has been adopted by FEI for their commercial
tomography software. A fundamental challenge of this
approach is the variability in setting the sample eucentricity and potential variability in the pre-calibration
curves. Since these procedures begin at one end of the
tilt range, errors become irrecoverable as the sample
moves rapidly outside of the trackable area.
Ziese et al. (2002) also mentioned that it might be
possible to model and thus to predict the overall image
movements after a few measurements of image shift and
defocus change. Encouraged by this, we have developed
an improved strategy that fulﬁlls the need for image

tracking and focusing without additional images. The
method, based upon the dynamic prediction of image
movement in the spatial domain using previously acquired tomographic images is both fast and very robust.
By starting at zero tilt, it is possible to simultaneously
model and compensate for errors in sample geometry.
Only three extra images need to be acquired at low
magniﬁcation to eliminate stage backlash and center the
object prior to data collection as well as to relocate the
image for tilting in the opposite direction. There is no
need to record any other image for tracking or focusing
throughout data collection. Clearly, this is a better scenario in terms of minimizing beam exposure and is thus
quite suitable for cryo-tomography. Compared to the
approaches proposed so far, this method exempts users
from deﬁning tracking and focusing areas (Rath et al.,
1997) or extensive pre-calibration of stage movements
(Ziese et al., 2002) and thus results in enhanced productivity and simplicity. With our implementation of
this prediction-based scheme, we are able to routinely
collect cryo low-dose tomographic data sets of thin and
thick samples on both our FEI 200 kV T20 microscope
equipped with a Gatan cryo-stage, and our FEI G2
Polara 300 kV F30 Helium transmission electron microscope equipped with an energy ﬁlter.

2. Geometric model and movement prediction
2.1. Geometric model
It is presumed that the specimen tilt can be modeled
as the rotation of a rigid body around a single tilt axis
(Ziese et al., 2002). A sketch of this model is given in
Fig. 1, where t stands for the tilt axis and n denotes the
direction normal to the tilt axis. The sample point P is
the characteristic point at which the optical axis and the
specimen intersect. At zero degrees tilt, the location of P
is represented by (n0 , z0 ), where n0 is the oﬀset between
the tilt axis and the optical axis, and z0 , known as noneucentricity, represents the distance between the sample
point and the tilt axis in z direction. In some cases, the
tilt axis can be approximated as being parallel to the
y-axis of the CCD image (Ziese et al., 2002). This
assumption, however, does not hold on our FEI G2
Helium Polara electron microscope that is equipped
with an energy ﬁlter. We have observed as much as 26°
of angular diﬀerence between those two axes depending
on magniﬁcation. Therefore, this approximation is
dropped in the following derivation. (x, y) is used to
represent the coordinates in the CCD plane. h is the
angle between the y-axis and the tilt axis.
Assume that a specimen starts to tilt at a ¼ 0°, where
a is the stage tilt angle, the translation of the specimen at
any tilt angle relative to the starting angle can be written
in the n–z plane as follows:
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Fig. 1. Geometric model of specimen rotation around tilt axis.

Dn ¼ n0  cos a þ z0  sin a  n0 ;

ð1Þ

Dz ¼ z0  cos a  n0  sin a  z0 :

ð2Þ

Since the image movement is measured in the CCD
plane, i.e., the x–y plane, the x, y coordinates as functions of tilt angle can be derived by projecting Dn onto x
and y axes, separately. This yields Eqs. (3) and (4):
Dx ¼ n0  cos h  cos a þ z0  cos h  sin a  n0  cos h;
ð3Þ
Dy ¼ n0  sin h  cos a þ z0  sin h  sin a  n0  sin h:
ð4Þ
Eqs. (2)–(4), thus fully describe the spatial movement
of the sample provided that the unknown geometric
parameters (h, n0 , z0 ) can be determined by some means
or other. Given this assumption, the sample displacement can thus be predicted instead of being measured
for each tilt angle. We can adjust accordingly the optical
system to compensate the x, y, and z translations prior to
taking a tilt image at each angular step. Because of the
explicit dependency on the geometric parameters in the
prediction, the values for h and n0 need to be determined
before data collection, whereas z0 can be predicted and
reﬁned dynamically during data collection.
2.2. Pre-calibration of h
Using gold beads as alignment ﬁducial markers, it is
possible to very accurately align tilted images (Lawrence, 1992). Experimental results based upon these
alignments suggest that the angle of the tilt axis is quite
stable between two consecutive microscope alignments,
although its value may alter as a function of magniﬁcation. h is then presumed to be a known constant prior
to the data collection and its values are pre-calibrated on
a suitable test sample for each magniﬁcation to be used
in data collection. Since the stage x-axis is also the a-tilt
axis of the Tecnai Compustage, h can readily be determined by shifting a calibration sample along the stage xaxis and calculating the angle of the corresponding

displacement vector relative to the CCD y-axis. To determine the vector, a pair of images are taken at original
and shifted positions and then correlated each other.
2.3. Pre-calibration of n0
Since n0 represents the oﬀset between the optical axis
and the tilt axis, it should change only very slowly. The
physical orientation and location of the tilt axis is expected to remain ﬁxed unless the goniometer is given a
service adjustment. The position of the optical axis
should also remain relatively unchanged between two
consecutive alignments. It is therefore assumed that n0
can be pre-calibrated and treated as a known constant to
predict image movement during data collection. To determine n0 , focus is measured within a range of a tilt
angles using the beam tilt method (Koster et al., 1992).
Least squares curve ﬁtting to the measured focus values
is then applied based upon Eq. (2). Since the focus
change is more sensitive to n0 at lower tilt angles, which
can be readily seen from the diﬀerentiation of Eq. (2)
(see Eq. (5)), the focus measurement can be performed
in a range of small tilt angles to estimate n0 . In our
implementation, the variation in focus of a thin test
specimen was measured every 2° from 0° to 30°.
dðDzÞ=da ¼ z0  sin a  n0  cos a:

ð5Þ

Since signiﬁcant misalignment of the optical axis to
the tilt axis can necessitate large corrections in both
large translation and focus, which in turn can lead to
image rotation and magniﬁcation changes, Ziese et al.
(2002) suggested pre-aligning the optical axis to the tilt
axis by invoking an appropriate amount of image shift.
This capability is provided as an option in our software.
2.4. Dynamic determination of z0
z0 denotes the z oﬀset between the object and the tilt
axis and can be minimized by setting the eucentric
height. Procedures have been developed to automatically adjust sample z height until minimum image
movement is detected while the goniometer is wobbling
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within a speciﬁed angular range. Owing to mechanical
imperfections in the goniometer, it is very diﬃcult to
tune z0 to zero. As a result, the uncorrected residue of z0
can still be severe enough to make the object disappear
from the ﬁeld of view at high magniﬁcation and lead to a
signiﬁcant focus change. Furthermore, it is observed
that z0 depends not only on the actual sample being used
but also varies from point to point within a sample. This
can be attributed to many factors including non-uniform thickness and ﬂatness of the specimen. Hence, z0
has to be determined dynamically during the course of
data collections for each selected sampling point. To do
so, note that the usage of Eq. (3) is twofold, meaning
that it can also be used to solve for z0 from the righthand side based upon a set of data points of (a, Dx).
Since n0 and h have been pre-determined and are assumed to remain valid until the next microscope alignment, z0 is the only unknown constant at the right-hand
side for a speciﬁc sample point. Mathematically, one
data point of (a, Dx) is suﬃcient to solve for z0 . In reality, it is better to use least squares ﬁtting from multiple
data points in order to minimize the consequences of
errors introduced from measuring the x translation. In
our implementation the most recent four data points are
used for least squares ﬁtting. Eq. (6) is derived from Eq.
(3) and used to dynamically estimate and reﬁne z0 during
the course of data collection. Note that Eq. (6) can also
be used without any modiﬁcation to solve for z0 based
on a single data point. This dynamic determination of z0
based upon the acquired tomographic images is the essence of this proposed data collection scheme
P
P
n0  cos h  i ð1  cos ai Þ  sin ai þ i Dxi  sin ai
z0 ¼
:
P
2
cos h 
i sin ai
ð6Þ
2.5. Predict-reﬁne procedure
As previously described, z0 is the only parameter that
needs to be estimated during the data collection. This
can be done with only one data point of (a, Dx) using
Eq. (6). To acquire the ﬁrst data point, two tilt images
need to be acquired and correlated. The estimated z 0 and
pre-calibrated h and n0 are then inserted into Eqs. (2)–
(4) to predict x, y, and z translations for the third image.
Once the stage has tilted to the new tilt angle, the beam
and image shift coils and the objective lens current are
adjusted according to the predicted Dx, Dy, and Dz
values prior to taking the third tilt image. When the
third image is acquired, it is cross-correlated with the
second image. This yields the second data point of (a,
Dx). As the ﬁrst estimate of z0 is based upon a single
point and thus may not be very accurate to describe the
geometry, this newly acquired data, combined with the
previous one, is then used to reﬁne the estimate for z0
based upon Eq. (6). The reﬁned z0 is then used to predict

x, y, and z translation for the fourth image. Repeatedly,
this predict-reﬁne procedure continues until the end of a
tomography session. Based upon our own results as well
as the stage calibration curves acquired using the FEI
commercial tomography software, we noticed that the
stage exhibits some systematic localized behaviors as a
function of tilt that do not ﬁt the global geometric rotation model. Because z0 undergoes continuous reﬁnement using the most recent knowledge gained from stage
tilting throughout the data collection progresses, much
of this aberrant behavior is absorbed into the reﬁnement of z0 and thus does not signiﬁcantly aﬀect the
accuracy of the predictions.

3. Experimental veriﬁcation
To ensure that the angle of the tilt axis is stable from
day to day before the next microscope alignment has
taken place, its value was measured on our T20 microscope over the span of 5 days at the same magniﬁcation
based upon a thin calibration specimen. The values at the
CCD camera magniﬁcation of 62 560 were )4.84°,
)5.23°, and )5.13°. Similarly, n0 was also determined
based upon repeated focus measurements over the ﬁve
days. The observed values were 0.03, )0.05, and 0.02 lm.
Therefore it is quite reasonable to assume the angle of the
tilt axis h and the oﬀset of the optical axis n0 as constants
between two consecutive microscope alignments.
As mentioned earlier, it is impractical to reproducibly
set the sample to precisely the correct z0 . Therefore, it is
critical that this approach work not only at accurate
eucentric height but also within a reasonable tolerance.
To verify the robustness of this approach, measurements
were repeated for the same sampling point at various
stage z positions above and below the eucentric height
and compared with the predicted values.
To minimize the deleterious consequences of sample
non-eucentricity, the data collection is divided into two
loops. In the ﬁrst loop, the stage is directed to tilt in the
positive direction. After the maximum angle has been
reached, the stage returns to its starting position and
then tilts in the negative direction in the second loop of
the data collection. When the stage returns to the initial
angle, the sample point may not return to the center of
the viewing area due to the mechanical imperfections and
sample drift, even though the state of the microscope has
been restored to the original setting. In order to automatically correct the shift when the stage returns to the
initial angle, an image is taken at lower magniﬁcation at
the initial angle prior to tilting in the positive direction.
Once the stage comes back to this initial angle, the second image is taken at the same low magniﬁcation. These
two images are correlated to determine the x–y displacement, which is then compensated by appropriately
shifting the beam and image. While this approach has the
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disadvantage of needing two extra low magniﬁcation
images, the advantages of beginning at low tilt and employing a dynamic updating of parameters leads to a
dramatic enhancement in robustness. And of course,
using the lower magniﬁcation reduces the extra dose.
To demonstrate that the proposed approach can indeed predict x, y, and z translations with desired accuracy, image shift, and focus changes as functions of the
tilt angle were measured simultaneously using the standard FEI holder on our FEI T20 transmission electron
microscope equipped with a side-entry Compustage.
The measured results are compared with predicted values in Figs. 2–4. Figs. 2 and 3 show x–y translations as
functions of the tilt angle at three diﬀerent non-eucentricity settings, corresponding to z heights errors of 0,
)1, )2 lm. The tilt images were acquired every 2°
starting from 0° at a ﬁnal CCD magniﬁcation of
62 560. Since the prediction procedure needs at least
one data point of (a, Dx) in order to get the ﬁrst estimate
of z0 , as was previously described, the second image
acquired at 2° was cross-correlated with the ﬁrst image
taken at 0°. This generated the ﬁrst data point required
by the prediction procedure. Therefore, the prediction of
the image translation as a result of stage tilting started at
the third image taken at 4°. Because of this limitation,
there was no compensation to the displacement of the
second image. In practice, the sample eucentricity needs
to be set with suﬃcient accuracy to control the displacement of the second tilt image.
As can be seen from Figs. 2A and 3A, at this high
magniﬁcation the sample exhibits nearly 2000 pixel
shifts (480 nm) in x direction even at a nominal setting
of z ¼ 0 lm. As was pointed out in the previous section,
it is impractically diﬃcult for even a highly experienced
and exacting user to tune z0 to zero. Even very small
residual values of z0 can result in severe image shifts
even at relatively low tilts. Furthermore under cryo
conditions the eucentric height must be set at a remote
location, again leading to sample non-eucentricity. If
data collections were to begin at )70° as is done in the
full pre-calibration approaches, such errors would be
disastrous. As can be seen from Figs. 2 and 3, the program precisely predicted the image shifts at three distinct
z heights. At z ¼ 2 lm, up to 8000 pixel shifts have
been predicted within 60 pixels corresponding to
14.4 nm at 62 560. The error between the measured
and predicted results within 70° is typically less than
60 pixels and rarely exceeds that value. Furthermore,
this program is also found to be very robust to various
angular steps. We have been able to collect tilt series
every 10° even at a CCD magniﬁcation of 36 290. To
date, this program has been routinely used to collect real
data for semi-thick plastic and cryo biological samples
using conventional, as well as Gatan ultra-high-tilt and
cryo high-tilt holders on our T20 and the cartridge
holder on our F30 Polara.
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Fig. 2. (A) Measured and predicted image shift versus tilt angle in the
CCD x direction at three values of mis-setting the sample eucentricity at
62 560 CCD magniﬁcation. z ¼ 0 lm denotes that the sample point was
manually made eucentric by an experienced microscope operator. (B)
Errors between the measured and predicted values. Each pixel is 0.24 nm.

Fig. 4A shows the measured and predicted focus
changes as a function of tilt angle at three z height settings. Fig. 4B presents the errors between the predicted
and measured values. As in Figs. 2 and 3, z ¼ 0 lm
represents a manually set eucentric height. The maximum diﬀerence between the measured and predicted
values is less than 0.15 lm except the left end point
at )56° where a remarkable focus jump (0.2 lm) was
measured in this particular test case. Several lines of
evidence suggest that this error is actually due to an
error in the measurement of the focus. First, using the
same holder with other samples, such a big jump is not
seen. Second, from Eq. (2) a 0.2 lm focus change due to
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Fig. 3. (A) Measured and predicted image shift versus tilt angle in the
CCD y direction at three stage z heights at 62 560 CCD magniﬁcation.
Note that z is the relative stage z height or error in eucentricity. The
curves are intentionally oﬀset vertically by 400 pixels to improve clarity.
(B) Errors between measured and predicted values. Each pixel is 0.24 nm.

a 2° change in stage tilt implies an grossly unrealistic
6 lm shift of z0 . Yet the simultaneously measured x and
y shift curves show no discontinuities (Figs. 2A and 3A).
Thus, we can safely exclude severe non-eucentricity and
instability of the sample within the holder as causes;
leading us to believe that the focus measurement at that
angle may be in error. It is important to note that our
approach corrects focus changes throughout data collection solely based upon predicted rather than the
measured focus values. As a matter of fact, no focus
measurements are performed during the entire data
collection. The anomalous focus measurement is thus
not a concern in the prediction.

Fig. 4. (A) Measured and predicted focus change versus tilt angle at three
z heights at 62 560 magniﬁcation. Note that z in the ﬁgure is the relative
stage z height. (B) Errors between measured and predicted values.

We also noticed that Fig. 4A shows a slight discontinuity (0.001, 0.062, and 0.05 lm at z ¼ 0, )1, and
)2 lm, respectively) at a ¼ 0°. Although these discontinuities are small compared to the prediction errors,
this is a consequence of dividing the data collection into
two loops. When the stage returns to the starting angle
from the positive end angle, mechanical imperfections
make it impossible to exactly set the stage to the original
x, y, and z position. As mentioned before, this is why we
record images at lower magniﬁcation to allow the sample to be precisely recentered. In an eﬀort to minimize
dose we do not measure the focus when the stage returns
to the initial tilt angle. As a consequence there is a slight
change in z height resulting in the observed focus discontinuity.
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An automated data collection program has been developed based upon the aforementioned approach. A
brief review regarding the system requirements as well as
software architecture is presented. Since tomographic
data collection critically relies on the accuracy of the
CCD ﬂat-ﬁelding and cross-correlation calculations, it
was necessary to perform these functions ourselves. The
corresponding implementations are also brieﬂy described.
The hardware portion of the entire system is composed of an FEI Tecnai computer-controlled electron
microscope. In our case we use either a T20 200 kV LaB6
instrument or a 300 kV F30 FEG with liquid He stage
(Polara) and Gatan post-column energy ﬁlter. The
control of the microscope is achieved via a Windows
2000 PC equipped with dual 800Mhz Pentium III processors and 1 GB memory. A four-quadrant readout
bottom-mounted GATAN UltraScan CCD camera
provides an imaging area of 4096  4096 pixels on the
T20 and there is a Gatan 1024  1024 pixel bottommounted CCD camera and a 2048  2048 pixel GATAN
CCD after the energy ﬁlter on the F30.

many scripting languages. Our data collection program
is built on top of this server and can be roughly sketched
as three functional layers. The top layer is the user interface (UI) implemented in Microsoft Visual C++. This
was chosen for its rich set of tools and reusable codes for
UI programming. Fig. 5 shows the data collection portion of the UI.
This portion of the UI provides for three image
windows. The left one shows the image acquired at
the last tilt angle, the middle for the image taken at the
current tilt angle, and the third window displays the
corresponding cross-correlation image. A log ﬁeld continuously displays the logging information as the data
collection progresses. Users can also interrupt the execution at any time if necessary.
The data collection workﬂow is fulﬁlled at the bottom
layer. It is implemented in Microsoft JScript. We chose
this programming language because of its simplicity in
linking with the Tecnai scripting server for microscope
control. Since the UI and the data collection are implemented in diﬀerent programming languages, Microsoft COM technology is employed in the middle layer as
a communication channel between the top and bottom
layers.

4.1. Software implementation

4.2. Flat ﬁelding of CCD camera

A scripting server provided by FEI allows for programming the stage movement and optical system in

The individual responses of each pixel in the CCD
array leads to ﬁxed pattern noise in raw CCD images,

4. System implementation

Fig. 5. User interface for the UCSF tomography data collection.
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that in turn, can dominate the cross-correlation of low
signal-to-noise images, especially those from cryo data
collections. This problem is aggravated in four-quadrant
cameras by the diﬀering properties of the multiple
readout ampliﬁers. It is therefore critical to ﬂat-ﬁeld the
CCD array such that each pixel responds to incident
electrons in an identical manner. A key concern is that
the gain and oﬀset (dark reference) for each pixel be
characterized with suﬃcient statistical accuracy so as to
not introduce additional noise sources into the image
data. For this reason, a series of dark images (typically,
10 frames) are collected and averaged. The averaged
dark image serves as the dark reference and is subtracted
from the raw image. The gain reference is determined
based upon a series of exposed images (typically, 10
frames) collected at linearly increased exposure time
from which the averaged dark reference is subtracted.
The gain reference for each pixel is then determined by
least squares ﬁt of the resultant intensity data. In reality,
a CCD array may contain bad pixels. These may include
dead pixels or pixels that do not respond linearly to
incident photons or stochastic X-ray events. Those
pixels are identiﬁed when the dark and gain references

are built, and importantly, not included in the calculation of the reference data. When a raw image is corrected, the corresponding bad pixels are replaced with
the mean intensity of neighboring pixels. Finally, for
multi-quadrant cameras, it is useful to include a ﬁnal
correction to further minimize quadrant eﬀects by rescaling neighboring quadrants based on adjacent pixels
across the boundary. This algorithm has been found to
have excellent dynamic range. For the four-quadrant
readout GATAN UltraScan CCD camera, the dark and
gain references can ﬂat-ﬁeld raw images within a grayscale range from 100 to 20 000 counts. Fig. 6 presents
4096  4096 ﬂat ﬁelded images of various gray-scale
counts with the GATAN UltraScan CCD camera calibrated at 3000 gray-scale counts.
4.3. Cross-correlation of image displacement
For cryo low-dose data collection, the SNR of images
is typically very low. The peak corresponding to the
image displacement would be indistinguishable from
noise peaks if the images were not ﬁltered prior to crosscorrelation. To resolve the real cross-correlation peak, a

Fig. 6. Flat ﬁelded images acquired with various doses. (A) Gray-scale count: 60, (B) gray-scale count: 120, (C) gray-scale count: 1800, and (D) grayscale count: 18 000.
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Fig. 7 presents four sections from a tilt series of gold
beads deposited on holey carbon ﬁlm acquired within
60° for every 2° at the CCD magniﬁcation of 62 560.
This experiment was performed at room temperature
(21°C) using GATAN 670 high-tilt holder on our T20
microscope with a side-entry stage. It can be seen that
the gold beads exhibit only a very small amount of x–y
displacement among these four sections. The maximum
x–y image shift of the entire data set was less than 40
pixels. The clear deﬁnition of gold beads in these four
images implies that the focus was well corrected during
the data collection.

Many biological samples of interest for tomography
will be thicker than 0.1 lm. In reality, it is quite diﬃcult
to set an accurate eucentric height for such thick samples. As previously discussed, this predication-based
approach is exceptionally tolerant of sample non-eucentricity. To verify this point, we used Epon embedded
HeLa cells (for details see Belmont et al., 1987, 1989).
Specimens were sectioned to a nominal thickness of
0.3 lm. Fig. 8 presents four sections extracted from the
tilt series acquired at a CCD magniﬁcation of 62 560.
The maximum error in predicting x–y translation is less
than 51 pixels. Again, this experiment was also performed using GATAN 670 high-tilt holder on our T20
microscope. As the embedded gold beads are well deﬁned through the entire data set, this implies that focus
change due to z movement was also well corrected.
Finally, cryo data collection was performed on poliovirus RNA-dependent RNA polymerase (Lyle et al.,
2002). Samples were vitriﬁed in liquid ethane onto
Quantifoil R1.2/1.3 holey carbon ﬁlms (Quantifoil, Jena,
Germany). This experiment was performed on our T20
microscope using GATAN 626-DH 70° cold stage
operated at )183 °C. The liquid nitrogen was ﬁlled just
below the rod in the dewar. Fig. 9 shows four sections
from the data set acquired within 60° for every 2° at
CCD magniﬁcation of 36 290. The total dose received
by the sample for the entire data set was about 38 e /A2 .
The maximum error in predicting x–y translation is less
than 57 pixels. The polymerase tubes can be clearly
identiﬁed on each projected image, indicating quite
consistent focusing throughout the data collection.

Fig. 7. Projected images acquired at magniﬁcation of 62 560 on gold
beads. (A) a ¼ 0°, (B) a ¼ 60°, (C) a ¼ 30°, and (D) a ¼ 60° The
shown image area is 2048  2048 pixels.

Fig. 8. Projected images acquired at magniﬁcation of 62 560 on a
HeLa cell chromosome. (A) a ¼ 0°, (B) a ¼ 60°, (C) a ¼ 30°, and (D)
a ¼ 60°.

Gaussian low-pass ﬁlter in the frequency domain as given in Eq. (7) and computational image binning are
employed to enhance the image SNR. Careful attention
is also given to correct sample apodization. Sub-pixel
accuracy is attained by interpolation. Based on our experience, the cross-correlation module is very robust and
quite eﬃcient because the cross-correlation is performed
on the binned images
H ðrÞ ¼ exp½100  ðr=RÞ2 ;

r ¼ ðx2 þ y 2 Þ0:5 ;

R ¼ ½ðX =2Þ2 þ ðY =2Þ2 0:5 ;

ð7Þ

where x, y represents spatial frequencies in x and y directions and X and Y are the corresponding sampling
frequencies.

5. Examples of collected tomographic series
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drift is parallel to the tilt axis. Since the prediction
procedure uses the sample shift normal to the tilt axis to
reﬁne the estimate of the geometric parameter, the drift
should not aﬀect signiﬁcantly the precision of the prediction. We are currently investigating the ability to
dynamically reﬁne for the amount of sample drift,
thereby virtually eliminating its eﬀects on data collection
at the highest resolutions.
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Fig. 9. Projected images acquired on cryo condition at magniﬁcation of
36 290. (A) a ¼ 0°, (B) a ¼ 60°, (C) a ¼ 30°, and (D) a ¼ 60°
(Curtsey of Dr. John Lyle).

6. Summary and comments
As there is growing interest in electron tomography,
and especially in cryo-electron tomography, this paper
presents a prediction-based scheme suitable for high
performance data collection. By assuming that the
sample follows a simple geometric rotation as the stage
tilts, we found that the image movement in the x, y, and
z directions can be predicted with desired accuracy. The
microscope optical system can thus be adjusted accordingly prior to taking a projected image at each tilt
angle. Users are freed from a lengthy stage-calibration
procedure (Ziese et al., 2002) or deﬁning tracking and
focusing areas along the tilt axis (Rath et al., 1997) prior
to a data collection. Furthermore, our experiments show
that this prediction-based scheme exhibits signiﬁcant
tolerance of sample non-eucentricity. As a result, the
program is very robust, stable, and has been extensively
used for both cryo and standard data collections. It
should also be noted that although this software system
has been extensively used to collect cryo-tomographic
tilt series using a side entry GATAN 626-DH 70° cold
stage, the the stage drift has not been taken into account
in the prediction of sample movement. It is undoubtedly
true that stage drift can deviate the sample movement
from the path deﬁned by geometric rotation and will
thus introduce error into the prediction. Owing to the
constant reﬁnement, the negative consequence of such
drift is minimized. Furthermore, a preliminary test
performed using the side entry GATAN 626-DH 70°
cold stage indicated that the major component of the
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