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Summary

 

Transmission electron microscopy images acquired under
tilted-beam conditions experience an image shift as a function
of  defocus settings – a fact that is exploited as a method for
defocus determination in most of  the automated tomography
data collection systems. Although the method was shown to
be highly accurate for a large variety of  specimens, we point
out that in its original design it can strictly only be applied to
images of  untilted samples. The application to tilted samples
and thus in automated electron tomography is impaired
mainly due to a defocus change across the images, resulting
in reduced accuracy. In this communication we present a
method that can be used to improve the accuracy of  the
basic autofocusing procedures currently used in systems for
automated electron tomography.

 

Introduction

 

Electron tomography is a versatile method for obtaining three-
dimensional (3D) information of  biological and materials
sciences samples (100–500 nm thick) with 2–20 nm resolution
by transmission electron microscopy (TEM) (Frank, 1992).
Electron tomography is generally applicable to isolated particles
(e.g. macromolecules) as well as to pleomorphous structures like
the Golgi complex or other cellular organelles, whole cells or tissue
sections. For recent reviews on electron tomography see the
papers by Baumeister 

 

et al

 

. (1999) and McEwen & Marko (2001).
The basic concept of  electron tomography was outlined

in the late 1960s (DeRosier & Klug, 1968; Hart, 1968; Hoppe

 

et al

 

., 1968; Crowther 

 

et al

 

., 1970) but a number of  technical
obstacles, concisely described in the mid-1970s (Hoppe 

 

et al

 

.,
1976, Hoppe & Hegerl, 1980), prevented realization of  its
potential until the mid-1990s. The basic procedure of  electron
tomography consists of  two steps: data collection and data
processing. For data collection, a series of  two-dimensional (2D)

projection images of  a specimen tilted over a wide angular
range is acquired (so-called tilt series). Typically, a tilt series
consists of  50–150 digital images (recorded with a CCD
camera) taken over an angular range of  

 

−

 

70

 

°

 

 to 

 

+

 

70

 

°

 

. After data
collection, a reconstruction step is carried out that comprises
alignment of  the projection images and 3D reconstruction
typically via filtered back-projection. For a description of  3D
electron microscopy, including electron tomography and some
aspects of  the data processing involved, the reader is referred
to Baumeister & Steven (2000).

In the mid-1990s, data collection systems became avail-
able (Dierksen 

 

et al

 

., 1992, 1993; Koster 

 

et al

 

., 1992, 1997;
Grimm 

 

et al

 

., 1997; Rath 

 

et al

 

., 1997) that were capable of
collecting a tilt series in an automated fashion. To collect a useful
tilt series, two conflicting requirements need to be reconciled.
First, a tilt series has to be recorded that covers as wide an
angular range as possible in as many increments as possible.
Second, the electron dose has to be kept low to avoid radiation
damage of  the specimen. Owing to the mechanical movement
of  the specimen when the stage is tilted, the focus and image
position will change during collection of  a tilt series. With the
advent of  computer-controlled microscopes and large-area
digital cameras (CCD cameras), it became possible to implement
automated procedures for the repetitive (50–150 times)
measurement and correction of  (a) defocus (autofocus) (Koster

 

et al

 

., 1987, 1989) and (b) image shifts (autotracking). Today,
automated data collection software packages, which correct for
the movement of  the specimen during data collection, are avail-
able both commercially and within the scientific community.

During the last 5 years we have applied electron tomography
in our laboratory as a tool for 3D structural investigations of  both
biological and materials sciences samples (e.g. plastic-embedded
and stained sections, 100–300 nm thick; negatively stained
isolated structures, 50–100 nm in diameter; frozen-hydrated
viruses and tubular structures; zeolite particles, 50–200 nm).

We observed that the automatic focusing at higher tilt angles
(> 50

 

°

 

) was often inaccurate. The variability in focusing accuracy
became more apparent after developing the precalibration
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data collection approach (Ziese 

 

et al

 

., 2002), in which the image
shifts and focus changes are measured (calibrated) as a func-
tion of  specimen tilt prior to data collection. Though the focus
generally changed smoothly with specimen tilt, as expected,
occasionally large focus changes were measured at the
higher tilt angles. These errors could be several micrometres in
magnitude, which is sufficiently large to limit the resolution
seriously and hamper reliable interpretation of  a tilt series.

In this communication we propose a significant modifica-
tion of  the autofocus method as it is currently implemented in
practically all of  the available automated data collection sys-
tems. The modified method is designed to work on highly tilted
specimens and is suitable for automatic focusing as part of
an automated procedure to collect tilt series. At the higher
tilt angles the modified method performs more reliably than
without a correction for specimen tilt.

 

Beam-tilt autofocus method

 

With the tilted-beam method two images are taken, each
acquired with a different beam tilt. Figure 1 shows a schematic
diagram of  the projection of  an untilted specimen, with a certain
defocus 

 

D

 

0

 

 and beam tilt 

 

0

 

.
In comparison with an image taken without beam tilt, the

image will be shifted by

 

s

 

 = 

 

D

 

0

 

 * tan(

 

0

 

). (1)

For a known beam tilt it is therefore possible to determine the
defocus by measuring the image shift that is given by the cross-
correlation of  two images acquired with different beam tilts.
For the sake of  clarity, the effects of  astigmatism, misalign-
ment as well as beam-tilt induced defocus are not taken into
account in Eq. (1).

Although the beam-tilt method has shown to be highly
accurate for untilted specimens (5–50 nm; Koster 

 

et al

 

., 1989;
Dierksen 

 

et al

 

., 1993), the method can be far less accurate for

tilted specimens. Figure 2 shows the projection images of  a
Epon-embedded section of  a bullfrog saccular hair cell at tilt
angles of  

 

−

 

70

 

°

 

, 0

 

°

 

 and 0

 

°

 

. Whereas the whole area of  3.2 

 

µ

 

m

 

×

 

 3.2 

 

µ

 

m of  the image displays the same defocus at 0

 

°

 

, it can be
seen that the defocus varies across the image at 

 

−

 

70

 

°

 

 (right
side blurry) and +70

 

°

 

 (left side blurry). The defocus difference
between the edge and the centre of  the image is 4.4 

 

µ

 

m
[3.2 

 

µ

 

m/2 

 

×

 

 tan(70

 

°

 

)] for the tilted views.
Defocus determination by the beam-tilt method for tilted

samples is thus impaired by an elongation of  the cross-correlation
peak, which has contributions from areas with different defocus

Fig. 2. Projection images of  an Epon-embedded section of  a bullfrog saccular hair cell at tilt angles of  −70° (left), 0° (middle, 3.2 µm × 3.2 µm) and +70°
(right). The defocus was about −10 µm in the centre of  the images but varies across the tilted images by 8.8 µm (images are partly blurred).

Fig. 1. Schematic diagram of  defocus D0 and beam-tilt β induced image
shift s of  the projection of  an untilted specimen.
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values. In an unfavourable case, the autofocus procedure
could be biased towards a high-contrast region near the edge
of  the field of  view and, consequently, measure a defocus value
several micrometres different from the defocus present in the
centre of  the image. At lower magnifications the field of  view
of  the CCD camera will be relatively large – resulting in a large
error in defocus measurement. The problem should therefore
be kept in mind especially if  the defocus is determined at a
lower magnification than that used for image acquisition as
is possible, for example, with precalibration electron tomography
(Ziese 

 

et al

 

., 2002) or with large-area (2k 

 

×

 

 2k and 4k 

 

×

 

 4k pixel)
CCD cameras.

In this communication we examine the location of  image
features – assuming a sample geometry of  an extended slab – under
tilted-sample, tilted-beam conditions and present a method that
improves the defocus measurement under these conditions.

 

Modification of  the beam-tilt method for tilted specimens

 

Figure 3(left) shows the general geometry of  a beam-tilt-induced
image shift 

 

s

 

 in the image 

 

xy

 

-plane. The angle between the
sample-tilt axis and the image 

 

y

 

-axis is 

 

γ

 

 and the angle
between the image shift 

 

s

 

 as induced by the beam tilt and the
tilt axis is 

 

δ

 

. For the further discussion, however, we assume that
the sample-tilt axis goes through the centre of  the image and is
parallel to the image 

 

y

 

-axis (

 

γ

 

 = 0

 

°

 

). The image is assumed to
be in focus along the tilt axis and the image shift 

 

s

 

 is assumed
to be parallel to the 

 

x

 

-axis [

 

δ

 

 = 90

 

°

 

, 

 

s

 

y

 

 = 0, 

 

s

 

 = 

 

s

 

x

 

; Fig. 3(right)].
Figure 4 displays the location of  image features of  a tilted
sample with and without beam tilt 

 

β

 

. The upper row shows the
positions in the 

 

xz

 

-plane and the middle row in the 

 

xy

 

-plane.
When a tilted sample is imaged, the defocus 

 

D

 

 of  an image
feature depends on the 

 

x

 

-coordinate and the sample-tilt angle 

 

α

 

:

 

D

 

 = 

 

x

 

 * tan(

 

α

 

). (2)

From Eqs (1) and (2) it follows that the image shift 

 

s

 

 of  such a
feature will be

 

s

 

 = 

 

x

 

 * tan(

 

α

 

) * tan(

 

0

 

). (3)

Thus, the further the feature is away from the centre of  the
image – and thus away from the focus plane – the larger
the image shift will be. Furthermore, the image shift will be
positive for positive defocus and negative for negative defocus,
when the beam tilt is in one direction and the reverse for a
beam tilt in the opposite direction. The bottom row of  Fig. 4
shows the image shifts that will be indicated by the cross-
correlation of  different areas of  the beam-tilted and the not
beam-tilted images of  the sample, displayed as vector fields.

Therefore, to ensure that all areas of  the images give rise
to the same cross-correlation peak, it is necessary to squeeze/
stretch the 

 

±β

 

 beam-tilted images parallel to the 

 

x

 

-axis and
with respect to the 

 

y

 

-(sample-tilt) axis:

 

stretch

 

(

 

α

 

, 

 

±β

 

) = 1 + tan(

 

α

 

) * tan(

 

±β

 

). (4)

If  the beam-tilt angle is not known, it can be calibrated from
the image shift measurement of  an untilted sample for a known
defocus using Eq. (1).

From Eq. (4) the relative stretch between the +

 

β

 

 and –

 

β

 

beam-tilted images can be calculated:

(5)

Note that this equation is the same as the cosine stretch for the
cross-correlation of  two images acquired at (

 

α

 

 

 

−

 

 

 

β

 

) and (

 

α

 

 

 

+

 

 

 

β

 

)
sample-tilt angles (Guckenberger, 1982). It can be interpreted
in the way that an image acquired under a certain sample-
tilt angle 

 

α

 

 and beam-tilt angle 

 

β

 

 is the same as one acquired
under a sample-tilt angle (

 

α

 

 

 

−

 

 

 

β

 

).
In the general case, when neither the sample-tilt axis is

parallel to the 

 

y

 

-axis nor the beam-tilt-induced image shift
is in a direction perpendicular to the 

 

y

 

-axis (

 

γ

 

 

 

≠

 

 0

 

°

 

, δ ≠ 90° and
δ ≠ 270°), the image transformation can be determined by
substituting x in Eq. (3) with the distance between the sample
feature and the sample-tilt axis. Figure 5 depicts the special case
when γ = 0° and δ = 0°, which is equivalent to an image shear.

Figure 6 compares the contributions of  different types of
errors in defocus determination for different magnifications
at a sample-tilt angle of  60°. The theoretical comparison assumes
an experimental set-up with a CCD camera with 2048 × 2048
pixels with a size of  14 µm, a post-magnification of  1.8× and
a beam tilt of  4 mrad. The figure includes values for the
calculated errors caused by: (a) a broadening of  the peak
due to a sample thickness of  100 nm [error = 100 nm/2/
cos(60°)], which is the same for all magnifications; (b) a limited
accuracy in the measurement of  the location of  the XCF peak
of  1 pixel [error(magnification) = 14 µm/magnification/post-
magnification × tan (70°)]; and the use of  (c) only the central

Fig. 3. General geometry of  beam-tilt-induced image shift in the image xy-
plane (left). The angle between the sample-tilt axis and the image y-axis is
γ and the angle between the image shift s and the tilt axis is δ. The right-
hand side shows the special case when the sample-tilt axis is parallel to the
y-axis and the image shift is parallel to the x-axis as discussed in this paper.
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25% [error(magnification) = 2048/2 × 0.25 × (b)] or (d) an
additional 75% [and thus 100%, error(magnification) =
2048/2 × (b)] of  the beam-tilted images for cross-correlation.
The use of  only a central part of  the images is routinely done in
programs for the automated acquisition of  electron tomogra-
phy tilt series to improve defocus determination. However, in
spite of  these attempts, the errors can still be as large as several
micrometres at high tilt angles and low magnifications, when
no correction for specimen tilt is taken into account.

The possible errors in defocus determination from (c) and
(d) above due to the defocus ramp within the two images
acquired for automatic focusing will – theoretically – be
completely avoided by stretching the two images by an amount
given by Eqs (4) or (5). Therefore, we strongly recommend that
stretching is incorporated into existing data collection systems

Fig. 4. Location of  image features of  a tilted sample without and with beam-tilt β. The upper row shows the positions in the xz-plane and the middle row in
the xy-plane. The bottom row shows the image shifts that will be indicated by the cross-correlation of  different areas of  the beam-tilted and the not beam-
tilted images of  the sample, displayed as vector fields.

Fig. 5. Image shift vectors of  a tilted sample for the special case when both
sample-tilt axis and image shifts are parallel to the image y-axis. The
image appears ‘sheared’.
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because it is an essential modification for accurate beam-tilt-
based autofocusing methods. The practical achievable accu-
racy in the presented correction depends on the accuracy to
which the sample-tilt angle (due to a possible – but unknown –
pretilt of  the sample) and the beam-tilt angle (due to misalign-
ment or reproducibility in the direction of  the beam) are known.
If  we assume for instance that the sample-tilt angle is known
to an accuracy of  10°, then the suggested correction will only
be beneficial for sample-tilt angles greater than that value.

Experimental verification

To evaluate the improvement in defocus determination of
tilted samples by the beam-tilt method after application of  the
presented formulas, we acquired two sets of  images on a 200-
kV Tecnai 20 transmission electron microscope (FEI Co., Eind-
hoven, The Netherlands) with a bottom-mounted slow-scan
CCD camera (TemCam F214, Tietz Video and Image Processing
Systems, TVIPS GmbH, Gauting, Germany). The camera is
composed of  2048 × 2048 square pixels of  14 µm. Image
acquisition was performed under remote control by either
a JavaScript macro in TIA (FEI Co.) or a TCL macro in EMMENU
(TVIPS GmbH), which communicated with the microscope
via the Tecnai Scripting software (FEI Co.).

For the first set of  images we used beam-tilt values of  Tx =
0.02000 and Ty = 0.02038 (the ‘+’ beam tilt), and Tx = −0.0200
and Ty = −0.02038 (the ‘–’ beam tilt), for the second set the beam-
tilt values were Tx = 0.04000, Ty = 0.04076 and Tx = −0.0400,
Ty = −0.04076. The named values are in arbitrary units (as indi-
cated by the Tecnai Scripting software) and gave rise to image shifts
almost parallel to the x-axis of  the CCD images. The shifts were
therefore also almost perpendicular to the sample-tilt axis that
was nearly parallel to the CCD image y-axis (about 6° variance).

The first set of  images investigates the improvement in defo-
cus determination at different sample-tilt angles. We acquired
images for ‘+’ beam-tilt and ‘–’ beam-tilt illumination

conditions for sample-tilt angles α of  −56°, −40°, −20°, 0°, +20°,
+40° and +56°. All images were taken at the same position of
a calibration grid (Electron Microscopy Sciences, Washington,
PA) at a nominal magnification of  5000× (the calibrated
pixel size was 3.1 nm with a post-magnification of  1.8× and
binning 2) representing a specimen area of  3.2 × 3.2 µm.

The second set of  images investigates the improvement in
defocus determination at different magnifications. We acquired
images for ‘+’ beam-tilt and ‘–’ beam-tilt illumination conditions
for a sample-tilt angle α of  +60°. Images were taken at 20
different positions of  a section of  bullfrog saccular hair cell
stereocilia at nominal magnifications of  5000×, 9600×, 14 500×
and 19 000×, representing specimen areas of  3.2 × 3.2, 1.7 ×
1.7, 1.1 × 1.1 and 0.8 × 0.8 µm.

Image processing was performed with MATLAB (The Math-
Works, Inc., Natick, MA) on a PC running under Windows XP
(Microsoft Co., Redmond, WA).

Results and discussion

For comparison, we extracted nine small areas of  a size of  128 ×
128 pixels from the 1024 × 1024-pixel images, which we had
taken for ‘+’ and ‘–’ beam-tilt illumination conditions (Fig. 7).

Figure 8 displays the image shifts and cross-correlation
functions (XCFs) of  the first set of  images that we have taken
for the sample-tilt angles of  −56°, −40°, +40° and +56° (from
left to right) at a nominal magnification of  5000×. The first
row shows the image shifts between the corresponding areas

Fig. 6. Comparison of  the contributions of  different types of  errors in
defocus determination for a sample-tilt angle of  60° and a beam tilt of
4 mrad at different magnifications (see text for details).

Fig. 7. One of  the 1024 × 1024-pixel (3.2 µm × 3.2 µm) images of  a
calibration grid that were used to evaluate the improvement in defocus
determination of  tilted samples by the method presented in this paper. The
overlay indicates the 128 × 128-pixel-sized areas from which the shifts
between the ‘+’ and ‘–’ beam-tilt images were calculated.
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for ‘+’ and ‘–’ beam-tilt images, which are calculated via cross-
correlation and displayed as vector fields. All image-shift vec-
tors for all tilt angles are perpendicular to the image y-axis and
their size and orientation depends on the x-coordinate inside
the images. Comparison with the displacement maps of  Fig. 4
shows that this is exactly what was expected (when the centre
of  the images was not in focus). The third row of  Fig. 8 shows
the displacement fields after correction. The fourth row shows
the central part of  the XCF that was calculated from the entire
images. The broadening of  the cross-correlation peak is less
severe than in the uncorrected case (second row of  Fig. 8). The
correction was achieved by manually adjusting the relative
stretch values until the differences in the shift vectors for
all nine test areas disappeared for all angles. A linear least-
squares fit of  the tangents of  sample-tilt angles α (−56°, −40°,
−20°, +20°, +40° and +56°) according to (rel.stretch − 1)/
(rel.stretch + 1) = tan(β ) × tan(α), which is a modification of
Eq. (5), gave a beam-tilt angle β of  5 ± 0.6 mrad.

Figure 9 compares the specimen-tilt-induced image shifts/
autofocusing errors at different magnifications (5000×, 9600×,
14 500× and 19 000×) for the second set of  images. The
sample was a typical heavy-metal-stained, plastic-embedded
section of  biological material (bullfrog saccular hair cell stere-
ocilia). We acquired images for ‘+’ beam-tilt and ‘–’ beam-tilt
illumination conditions for a sample-tilt angle α of  nominal
+60° at 20 different positions on the sample. The x-image
shifts between the corresponding areas for ‘+’ and ‘–’ beam-tilt
images were calculated and the differences in shift between
the areas at the left side from that at the right side of  the images
were determined (three per image pair and thus 60 at each
magnification) and divided by 2. The average shift values
(Fig. 9, light grey bars) display the same dependence on the
magnification as the theoretical values for the maximum
sample-tilt-induced autofocusing errors (Fig. 6). This is what
is expected as there is a linear relationship between the values
(Eq. 1). Standard deviations of  the measurement are quite

Fig. 8. Image shifts between corresponding areas (see Fig. 6) for ‘+’ and ‘–’ beam-tilt images for sample-tilt angles of  −56°, −40°, +40° and +56° (from left
to right) without (first row) and with (third row) correction for sample tilt. The second and fourth rows show the central part of  the cross-correlations that were
calculated from the full images of  the uncorrected and corrected images. The broadening of  the cross-correlation peak is less severe in the corrected case.



S P E C I M E N  T I LT  AU TO F O C U S I N G  E R RO R  C O R R E C T I O N 185

© 2003 The Royal Microscopical Society, Journal of  Microscopy, 211, 179–185

large and can be explained by the combined effect of  addi-
tional autofusing errors (Fig. 6) and a divergence of  pretilt
among the 20 measurement positions on the sample grid. The
average shift values after correction for a sample-tilt angle of
α = +58° (Fig. 9, dark grey bars) are negligible.

Conclusions

We have modified the defocus measurement method based
upon beam-tilt-induced image shifts to be suitable for auto-
mated electron tomography. This is necessary because defocus
variations across the sample significantly degrade the accu-
racy of  current beam-tilt autofocus methods, giving unreliable
measurements. We have shown that the problem can be
overcome by stretching the beam-tilted images prior to cross-
correlation by a factor that can be derived from four parame-
ters of  the data collection set-up: (a) the orientation of  the
sample-tilt axis, (b) the sample-tilt angle α, (c) the orientation
(direction) of  the beam-tilt axis and (d) the beam-tilt angle β.
In the case that the sample-tilt axis is parallel to the image
y-axis and the beam-tilt-induced image shift is parallel to the
x-axis, the required stretch would be

stretch (α, ±β) = 1 + tan(α) * tan(±β). (4)

We emphasize that even if  the problem might not be directly
visible to the human eye by looking at the original images (the
stretch is, for example, just 1.007 for α = 60° and β = 4 mrad),
it can lead to relatively large errors in defocus determination
(several micrometres). We suggest that the correcting stretch
should be routinely applied when using the beam-tilt method
to determine the defocus for automated electron tomography.
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