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Abstract

In recent years, electron tomography has improved our three-dimensional (3D) insight in the structural architecture of cells and organ-
elles. For studies that involve the 3D imaging of stained sections, manual annotation of tomographic data has been an important method
to help understand the overall 3D morphology of cellular compartments. Here, we postulate that template matching can provide a tool
for more objective annotation and contouring of cellular structures. Also, this technique can extract information hitherto unharvested in
tomographic studies. To evaluate the performance of template matching on tomograms of stained sections, we generated several tem-
plates representing a piece of microtubule or patches of membranes of diVerent staining-thicknesses. These templates were matched to
tomograms of stained electron microscopy sections. Both microtubules and ER-Golgi membranes could be detected using this method.
By matching cuboids of diVerent thicknesses, we were able to distinguish between coated and non-coated endosomal membrane-domains.
Finally, heterogeneity in staining-thickness of endosomes could be observed. Template matching can be a useful addition to existing
annotation-methods, and provide additional insights in cellular architecture.
© 2007 Elsevier Inc. All rights reserved. 
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1. Introduction imaged, digital slices with a Z-resolution of 2 to 5nm are
Electron tomography is an imaging technique, using
transmission electron microscopy (TEM), to explore the
structural architecture of cells and organelles in three dimen-
sions (3D). This is achieved by recording two-dimensional
(2D) images of a specimen at diVerent tilt angles. A 3D
reconstruction (tomogram) is calculated from the 2D projec-
tions by a computational method (e.g. back-projection),
resulting in a digital 3D representation of the specimen. Typ-
ically, for those applications where stained sections are
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visualized (Kremer et al., 1996; Koster et al., 1997). These
digital slices are then used to generate 3D contours of the
structure. Electron tomography has become an indispensable
tool in morphological studies concerning 3D structural anal-
ysis and membrane connectivity; providing additional insight
into cellular organization (Murk et al., 2004; Mogelsvang
et al., 2004; LubiT et al., 2005; Frey et al., 2006).

Among others, the resolution in a tomogram depends on
the number of angles at which 2D projections were taken.
This number is limited by several technical restrictions.
First, at high tilt angles, e.g. higher than 65°, the sample
holder and the thickness of the sample will provide a limit.
Second, exposure to the electron beam has to be limited to
prevent specimen changes (Bennett, 1974; Egerton et al.,
2004). The missing projections at high tilt angles will result
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in a direction-dependent loss of resolution in the tomogram
(McEwen et al., 1995; Koster et al., 1997). This artefact (due
to missing wedge) can be reduced by combining two per-
pendicular tomograms of the same area, resulting in clearer
and sharper cellular structures with more isotropic resolu-
tion (Penczek et al., 1995; Mastronarde, 1997).

Electron tomograms show an overwhelming amount of
structural detail. To better understand a particular arrange-
ment within a tomogram, a segmentation step is performed
to highlight the structure of interest and to remove unre-
lated information. In electron tomography of stained sec-
tions this is often done in a manual fashion by computer
assisted drawing of membrane-structures in each digital
slice throughout the tomogram. These traced contours are
combined into a 3D model used for further analysis. Due to
the manual nature of this annotation-step, some degree of
subjectivity cannot be prevented.

During the last decade several powerful methods became
available for the 3D segmentation of structures within
tomograms. Some of these methods focused on improving
the signal-to-noise ratio within tomograms (e.g. anisotropic
diVusion Wltering by Frangakis and Hegerl, 2001), on care-
ful analysis of texture and contrast (e.g. watershed by Volk-
mann, 2002) or on development of wavelet Wltering
(Frangakis et al., 2001; Moss et al., 2005). A limitation of
these approaches is that no special means are taken to
avoid misinterpretation, or mis-segmentation, due to the
missing wedge in tomograms, a characteristic phenomenon
in electron tomography.

Another approach to highlight structures of interest is
template matching, as described by Böhm and Frangakis
(Böhm et al., 2000; Frangakis et al., 2002). With template
matching, a small 3D volume containing the structure (the
template) to be detected is matched to every location within
the tomographic reconstruction. The computer determines
the maximal cross-correlation value based upon the similarity
between the template and tomogram, at every location within
the tomogram and for all (predeWned) angular orientations.
The cross-correlation coeYcient indicates how similar the
matched template and the structure in the tomogram are.
This approach has proven to work well for cryo-applications
to localize macromolecular complexes in cells, or to localize,
and average, repetitive features in parts of tomograms with
templates obtained with higher resolution techniques.

We propose to use template matching as a reasonably
objective method to detect and annotate a wide range of cellu-
lar structures in cryo-Wxed, freeze substituted and plastic
embedded sections. It should be noted that while the match-
ing is an automated and objective process, the determination
of the optimal threshold of correlation still occurs manually
on visual criteria. The optimal threshold of correlation is
deWned as the lowest cross-correlation value at which no false
positive matches could be observed (and thus a maximum of
exclusively correctly matched structures was segmented). Seg-
mentation based on template matching allows relatively low
resolution morphological information, such as membrane-
bound organelles, to be contoured and annotated in a semi-
automatic fashion. In addition, by zooming in at the automat-
ically annotated structures, morphological features that were
possibly otherwise missed by the human eye, due to the over-
whelming amount of stained features in a cell section, might
become available. We have chosen to create simpliWed artiW-
cial templates to segment the morphological feature of inter-
est computationally. An advantage of these simple templates
is that, depending on the feature of interest, templates can be
generated based upon general 3D shapes like cylinders, cubes,
spheres, or cuboids. In this manuscript, for the relatively low-
resolution requirements of the template-matching application,
we built cylinders to mimic microtubules and cuboids (solid
rectangular boxes) to mimic patches of membrane. The com-
puter generated templates allow for simple controlled manip-
ulation of a single property of the structure contained therein.
That way, this property can be investigated by comparing
how well each template Wts. For this we compared the match-
ing patterns of the diVerent cross-correlations at the same
manually deWned threshold. To exemplify this, we used
cuboid-shaped templates of diVerent voxel-thicknesses to
investigate inhomogenously stained membranes.

Variations in membrane staining may indicate diVer-
ences in localization of receptor proteins and signal trans-
duction molecules. For instance, in stained sections,
membrane-coats, such as clathrin, usually appear darker
and thicker than (surrounding) non-coated membranes
(Ladinsky et al., 1999). Furthermore, biochemical studies
have shown membrane composition to be inhomogeneous
throughout the cell. For example, throughout the secretory
pathway, the concentrations of cholesterol per phospho-
lipid and especially sphingomyelin increase (Yunghans
et al., 1970; Zambrano et al., 1975; Moreau and Cassagne,
1994), and thereby induce thickening of the membrane
(Nezil and Bloom, 1992; Smondyrev and Berkowitz, 1999).
In addition, lipid-composition might cause a depletion or
accumulation of certain proteins in membrane domains
(Simons and Ikonen, 1997; Killian, 1998). Each of these
events can have an inXuence on staining eYciency/capabil-
ity; indirectly indicating diVerences in biological functions.
It must however be noted, that staining can also be the
source for artefacts and misinterpretation. Therefore, it can
be diYcult—and often impossible—to compare diVerent
sections if the correct controls are not included; even when
they are obtained under the same experimental conditions.
Even a comparison between two (distant) regions of the
same section should be avoided because of an inhomoge-
neous penetration of the staining liquids. Nevertheless, if
diVerences in staining between neighbouring regions of the
same membrane can be observed, then this can be consid-
ered an indication for diVerences in biological composition.

2. Material and methods

2.1. Sample preparation and electron tomography

Human dendritic cells were grown and prepared as
described by Murk et al. (2003). TEM tomography was
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performed with a Tecnai 20 microscope (200 kV) by taking
two perpendicular tilt series of angular projections starting
at ¡65° with an increment of 1°. These series were recon-
structed and combined into a double tilt electron tomo-
graphic reconstruction using IMOD (Kremer et al.,
1996).The areas of interest were cropped from the double
tilted tomographic images. The template matching
approach was evaluated on three tomograms. The sizes of
the tomograms were 528£ 256£ 544 voxels with a voxel-
size of 1.34£ 1.34£1.34 nm, 1024£ 88£ 1024 voxels with a
voxel-size of 1.68£ 1.68£ 1.68 nm, and 1024£ 128£ 1024
voxels with a voxel-size of 1.68£ 1.68£ 1.68 nm; respec-
tively, for the endosome, and two tomograms containing
cellular structures including the ER and Golgi-apparatus.
The tomogram of the endosome was binned to dimensions
of 264£ 128£ 272 voxels.

2.2. Template matching

For the template matching algorithm we used the Omni-
match program, kindly provided by the Baumeister group
at the Max-Planck-Institute for Biochemistry, Martinsried.
The OmniMatch software was implemented on a com-
puter-cluster at the SARA high performance computing
facilities in Amsterdam, the Netherlands. Matlab (Math-
works Inc.) was used in combination with the TOM-tool-
box scripts (Nickell et al., 2005) to create the templates,
masks, and convert the datatypes. Amira (TGS) was used
for volume visualization and surface rendering.

First, to be compatible with Omnimatch software, the
grey-scale tomograms as produced by IMOD were
inverted, such that the stained membranes appear bright on
a dark background. Two types of templates (with Wle
dimensions of 32£32£ 32 voxels) were created with Mat-
Lab and the TOM-toolbox. The tubular template had an
inner-radius of three voxels, an outer-radius of six voxels,
and a length of 32 voxels (Fig. 1A and B). The cuboids with
dimensions X and Z equal to the template size, and even
thicknesses in Y-dimension ranging from 4 to 18 voxels

Fig. 1. Templates used for matching. In the tomograms, microtubules (A)
and membrane (C) were matched using computationally generated 3D
templates (B; D–K). As a template for the microtubules, an open cylinder
with an inner radius of three voxels and an outer radius of six voxels was
created (B). For the membrane, a cuboid-shaped templates were created
(D–K) with a thickness of 4, 6, 8, 10, 12, 14, 16, and 18 voxels. The pseudo-
colours in the 3D representations of the templates are assigned from light
yellow for a low template thickness to dark green for a high template
thickness.
(Fig. 1C–K). The structure was given value 1 (white) while
the background was value 0 (black). Finally, masks were
created to deWne the area containing the structure in the
template. The masks were binary 3D images which indicate
the area within the template that contains the structure of
interest. Only those voxels in the template that correspond
to a voxel in the mask with a value of 1 are taken into
account for the correlation process; while those that corre-
spond to a voxels of value 0 are excluded. A spherical mask
(valueD1) with a radius of 14 voxels was created on a black
background (valueD 0). Dedicated masks were created for
the cuboid templates based upon the thickness in Y by add-
ing two additional voxels (containing background values in
the template) on either side. The thicknesses of these masks
range from 8 to 22 voxels. Finally, the point-spread func-
tion (PSF) was described as a single white voxel (valueD1)
at position (1,1, 1). The PSF describes the distortion of a
single pixel due to acquisition and processing of the image,
and can be used to take missing wedge/pyramid-artefacts
into account by distorting the template prior to the cross-
correlation-step. A single white voxel mimics an ideal
microscope and perfect data collection in which no distor-
tion takes place, and no wedge-artefacts are present.

The Euler angles, as deWned in the TOM toolbox (Nickell
et al., 2005), over which the template was rotated were 180°
over psi (�) and theta (�) with an increment of 5°; beyond
these values repetition of the template occurs. Due to sym-
metry, rotation over phi (�) was not necessary, since the

Fig. 2. Localization and annotation of microtubules. Microtubules were
localized using template matching with a tubular template and a spherical
mask. Template matching localizes the structure of interest: a brighter
peak in the correlation Wle indicates when the template is present in the
tomogram. This peak is visualized by setting a grey-value threshold. Red
shows the regions of microtubules that were identiWed at a threshold value
of 0.485 (the optimal threshold of correlation) and the transparent yellow
lines show the regions of the microtubules that were identiWed at a rela-
tively low threshold (t20% below the optimal threshold of correlation).
Lowering the threshold leads to less false negatives, and thus to more
complete tubules; even though some holes still exist (closed arrowheads).
False positives appear if the threshold is set too low (open arrowheads),
falsely indicating the presence of a microtubule at this location.
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shape of the templates was such that rotation over this axis
would not produce a new image. The dimension of the Fou-
rier transform was set to the smallest dimension in the
tomographic volume. The diVerent calculations took
approximately 20, 70, and 90 min, respectively, for each vol-
ume, using 54 parallel CPUs.

2.3. Data visualization

The outcome of the template matching procedure is a
3D volume with cross-correlation values. For the seg-
mentation and contouring approach, these cross correla-
tion values (ranging from ¡1 to +1) were visualized by
surface rendering, using Amira. To reduce the require-
ments on in-core computer memory, the 16 bit cross-cor-
relation values as produced by Omnimatch were scaled
and converted to 8 bit images. By varying the grey-value
threshold during surface rending it is possible to visualize
the location of a matched structure. To describe the per-
formance of template matching for the purpose of con-
touring, we introduce the terms ‘false positive’ and ‘false
negative’ annotation. With false positive annotation is
meant that, at a particular threshold, the surface-ren-
dered cross correlation values show features which
should not be shown from a cell-biological point of view.
For instance, false positive annotated structures could be
elongated parts of membranes while it is attempted to
annotate only microtubules. With false negative annota-
tion is meant that parts of a particular organelle that,
based upon visual inspection of the tomogram by a cell-
biologist, should have been annotated but was not.

3. Results and discussion

3.1. Automatic detection of microtubules in TEM-images

At relatively low resolution, »5 nm, microtubules share
a very homogeneous, tubular, shape. In electron tomo-
graphic reconstructions of stained sections microtubules
are often abundant, and relatively easy to detect and recog-
nize upon visual inspection. Moreover, microtubules are
involved in many cell biological processes and automated
annotation of these structures in tomograms can contribute
to further understanding of cell biological events as it can
provide a skeleton of annotated (known) structures. These

Fig. 3. Areas with false negatives on microtubules. The top panel (A)
shows a series of digital slices through a tomogram. Localization results
are shown in red with a threshold of 0.4 (t20% below the optimal thresh-
old of correlation). Vesicles that appear to be attached to the microtubules
gave rise to false negatives (closed arrowheads). Similarly, membranes of
the Golgi-apparatus in proximity of the microtubules result in false nega-
tives of the matched microtubule (open arrowheads). These results are
visualized in a manually annotated 3D model (B) where red shows the
regions that were localized using template matching, pink are the false
negatives that the procedure missed, and in blue vesicles are shown. The
arrowheads show the same regions as presented in the top panel.
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arguments make microtubules suitable for evaluating the
template matching procedure.

In Fig. 2 annotated microtubules are shown. At a Wrst
glance, most microtubules appear to be detected correctly.
On closer examination, we observed that (even at a low cor-
relation-threshold when false positives appear (open arrow-
heads)) holes are present in some of the detected
microtubules (closed arrowheads). When analysing the
tomographic regions that were missed using template
matching, we noticed that these holes revealed biological
occurrences easily overlooked by manual annotation. For
instance, as shown in Fig. 3, in several of these regions, vesi-
cles (Fig. 3A; closed arrowhead, Fig. 3B) or other membra-
nous structures (Fig. 3A; open arrowhead) associated with
the microtubules could be observed. Fig. 4 shows correctly
annotated microtubules, together with a false positive
annotated structure; membrane tubulation (Fig. 4; closed
arrowhead). While misinterpreted from a biological point
of view, the template correctly annotated a short cylinder-
shaped feature.

Based upon these observations, we conclude that tem-
plate matching can be used as an additional tool to detect
structures like microtubules within a TEM-reconstruction
containing stained cellular structures. Furthermore, we
showed that while localization and morphology can be
examined based on where the template Wts in the tomo-
gram, false negatives can indicate equally signiWcant infor-
mation from a cell biological point of view.

3.2. Visualization of membranes in the ER and Golgi-
apparatus

Membranes are extensively modelled features in electron
tomograms of stained sections. While at a 5-nm resolution
Fig. 4. Areas with false positives on microtubules. Tubulation of a membrane (A; closed arrowheads) resembles the microtuble-template. As a conse-
quence, a bright correlation-peak could be observed at that location in the tomogram (B; closed arrowhead) along with the correlation-peaks of the micro-
tubules (open arrowheads). This tubulation was visualized in a 3D model by manual annotation. The orange region (C; closed arrowhead) shows where a
tube was detected at t10% below the optimal threshold of correlation.
Fig. 5. Localization and annotation of the Golgi-apparatus. A small region of a tomogram containing a Golgi-apparatus is shown in (A). Cross-correla-
tion results are shown for a cuboid model of a four voxel thick membrane matched both with a cuboid mask (B) and a spherical mask (C). Curved mem-
branes are better detected using a spherical mask (open arrowheads), while the cuboid mask allows a clear distinction between membranes in close
proximity to each other (closed arrowheads). An overlay of both cross-correlations exceeding the optimal threshold of correlation is shown in (D), where
dark blue represents the area exclusively detected by using the spherical mask, light blue is the area detected only with the cuboid mask, and white is the
overlapping area detected by both. (E) Shows a semi-automatic 3D-model of a Golgi-apparatus created by combining the cross-correlation results of both
calculations.
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scale, microtubules appear as rather homogeneous struc-
tures that can be annotated quite eVectively, membranous
structures are often more complex to contour. To evaluate
whether template matching can be used to visualize such
membrane-systems we looked at the endoplasmic reticulum
(ER) and the Golgi-apparatus. Both these organelles play
an important role in the secretory pathway, and their trans-
port mechanisms have been extensively studied. In recent
years, electron tomography has been extremely valuable in
understanding the architecture of these organelles. As a
model for the membrane we used a cuboid template of four
voxels thick with a corresponding cuboid mask of eight
voxels thick; resembling the average thickness of the mem-
branes manually observed in the tomogram. In Fig. 5 it is
shown that automatic segmentation of complex membra-
nous structures with a limited curvature is indeed possible
using template matching with these settings (Fig. 5A, B, and
D (light blue and white)).

Though large parts of the membranes are correctly anno-
tated, a signiWcant amount is missed (false negatives). Due to
the cuboid shape of the template, regions in the ER where
ribosomes are attached to the membranes were largely
excluded. Furthermore, in the trans-Golgi network (TGN)
the strong curvature and many membrane constrictions
hinder automatic segmentation using this template and mask
(Fig. 5B, open arrowhead). We found that by using a spheri-
cal mask (instead of a cuboid mask) that the curvature of the
membrane resulted in less false negatives (Fig. 5C, open
arrowhead, d (dark blue and white)). This is due to the fact
that with the cuboid-shaped mask the background intensities
are excluded. By including these with the spherical mask, the
relative importance of the intensities describing the shape of
the structure decreases. As a consequence, slightly curved
membranes will still be considered to resemble the template
as long as its environment (contained within the masked
area) is devoid of any other structures. On the other hand,
two membranes close together will be lost from the matching
with a spherical mask (Fig. 5C, closed arrowhead), whereas
the cuboid mask detected two clear distinct membranes
(Fig. 5B, closed arrowhead). By combining the models
created using both masks (Fig. 5D), we optimized the
performance of annotation and were able to obtain a 3D
surface-rendered representation of these membranous cellu-
lar compartments in an semi-automatic manner (Fig. 5E).
The matchings were combined, by including those voxels
that exceeded the optimal threshold of correlation for either
or both of the conditions.

3.3. Automatic detection of coated membrane domains on 
endosomes

Cellular membranes have a heterogeneous composition.
DiVerences in lipid and protein composition are associated
with the formation of domains (Brown and London, 1997;
PfeVer, 2003), many of which are known to play a func-
tional role in the cell. Among those, clathrin coats on endo-
somes (Raposo et al., 2001; Sachse et al., 2002) are suitable
to evaluate the possibilities of using template matching to
identify such domains. Endosomes possess a relatively sim-
ple membranous organization, and in electron tomographic
reconstructions these coats can be visualised against the
endosomal membrane as thick patches (Murk et al., 2003).
To discriminate between these thick patches and the thin-
ner uncoated membranes, we applied two artiWcially gener-
ated cuboid templates of distinct diVerent thicknesses (six
voxels and 16 voxels; Fig. 1E and J) to a tomogram of an
endosome with clathrin coats. As shown in Fig. 6 (a and b,
closed arrowheads), it is indeed possible to discriminate
between coated and non-coated membranes. By comparing
the automatically annotated model to the one published by
Murk et al., we note that at a cross-correlation-threshold of
0.5 (the optimal threshold for the six voxels thick template)

Fig. 6. Localization and annotation of thick clathrin coats on endosomes.
We localized clathrin coats (green, close arrowheads) present on endo-
somal membranes (yellow) based upon a diVerence in stained thickness
between coated and uncoated membrane, (A) and (B) show diVerent opti-
cal slices with an overlay of the matched cuboid of 6 voxels (yellow) and
16 voxels (green) in thickness at a cross correlation threshold of 0.5. (C)
shows the same section as (B) but with a threshold of 0.45. A region in the
uncoated membrane appears (open arrowhead), where the thicker tem-
plate has a higher correlation-value to the tomogram than in the sur-
rounding membranes.
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all the manually identiWed, thicker clathrin coats were
exclusively localized in the membrane. We noticed that
when we lowered the threshold to 0.45, a third region
appeared in an area of uncoated membranes (Fig. 6C, open
arrowhead). This value was considered the optimal thresh-
old of correlation for the 16 voxels thick template.

Considering the resolution-range aimed for to annotate
the cellular architecture, the template chosen to detect the
clathrin patches was not based on the ultra-structure of
clathrin, but based on the fact that clathrin coats simply
appear thicker on stained membranes. As such, the tech-
nique is used as a tool to detect variations in membrane-
staining thickness instead of localizing speciWcally clathrin.

Heterogeneity within non-coated membranes of endo-
somes is not unexpected, since the membranes of internal
vesicles in multi-vesicular bodies and its limiting membrane
have diVerent protein and lipid compositions (Kobayashi
et al., 1998), indicating lipid sorting in the membrane. We,
therefore, set forth to visualize membrane regions of diVer-
ent staining thicknesses (Fig. 7A). We created several
cuboid templates of diVerent even thicknesses ranging from
4 to 18 voxels (Fig. 1D–K). If the membranes were homoge-
neous, and no detectable diVerent domains would exist,
each template is expected to Wt equally well on every loca-
tion of the membrane. Also, a single template—with a
thickness closest to the thickness of the stained mem-
brane—is expected to Wt best for the entire membrane of
the structure. However, in case of staining-heterogeneity,
diVerent templates will Wt best at diVerent locations corre-
sponding to thicker and thinner stained-patches, and tem-
plates will not Wt equally throughout the membrane. For
each of the eight diVerent membrane templates we set the
threshold for the minimal cross-correlation to 0.5 (the high-
est optimal threshold for any of the templates). Those
regions exceeding the threshold are presented in Fig. 7A.
To visualize the distribution of thicker (green) and thinner
(yellow) regions on the endosomal membrane we projected
these regions on top of each other (Fig. 7B). While the
thick, coated patches are clearly visible, colour variations
(representing diVerences in stained thickness) can be
Fig. 7. Visualization of heterogeneity in stained membranes of a endosomal structure. A series of cuboid templates of increasing thickness (Fig. 1C–K)
were matched to the endosome. Based on the local stained thickness of the membrane these templates matched diVerently as visualized in (A) separately
for each template at a correlation threshold of 0.5. In the overlay (B) and the 3D model (C) clear thinner and thicker stained regions can be seen indicating
heterogeneity in membrane composition represented by a diVerence in membrane staining.
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observed throughout the regions of uncoated membrane. In
Fig. 7C this heterogeneity in membrane staining is
presented in 3D. It seems that these variations are not ran-
domly distributed, since patches of connected regions are
visible rather than randomly distributed small spots. This is
an indication that these regions are genuine reXections of
biological structures with diVerent biological functions. It is
however unclear at this time what they truly represent, and
if the visualized heterogeneity has any biological signiW-
cance in terms of protein sorting or vesicle budding.

4. Conclusions

For structures in tomograms of stained sections, template
matching provides a less subjective way of analysing the data
when compared to manual annotation. Template matching
introduces a degree of quantiWcation and automation in ana-
lysing morphological studies. Furthermore, it can help pin-
point to biologically relevant phenomena in the tomogram
that are easily missed by eye alone. By varying a single prop-
erty of an artiWcial (computationally generated) template
matched to a volume, it is possible to examine this property
by analysing how well each variation Wts at a given location.
We have illustrated this possibility by matching cuboid tem-
plates of increasing thickness to stained membranes to visu-
alize patches of clathrin-coats and heterogeneity.

Template matching can be a valuable addition to man-
ual annotation of tomograms of microtubules and mem-
branous structures. Though it is possible to trace cellular
structures automatically, the technique still requires a
human component. First, if present, incorrectly annotated
structures (false positives), have to be removed. This can be
done either by raising the correlation threshold, or by man-
ually erasing the falsely annotated structures. Second, if
present, missed structures (false negatives) have to be com-
pensated for, either by lowering the correlation threshold,
or by manual contouring.

While template matching can visualize membranes in a
cell, it cannot distinguish between membranes of diVerent
organelles. To achieve exclusive segmentation of the orga-
nelle of interest, correctly identiWed membranes of sur-
rounding organelles have to be removed by manual
intervention. Moreover, in some studies, diVerent mem-
branes of a single organelle (for example the diVerent stacks
of a Golgi-apparatus) have to be distinguished by user
expertise. Such a distinction cannot be achieved by an auto-
mated template matching procedure.

To understand the overwhelming amount of structural
details within a tomogram, segmentation steps are unavoid-
able. Template matching is one of the possible approaches
to model the content of tomograms, and can help unravel
complex cellular architecture in stained sections.
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