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Three-dimensional (3D) reconstructions from tilt
series in an electron microscope show in general an
anisotropic resolution due to an instrumentally lim-
ited tilt angle. As a consequence, the information in
the z direction is blurred, thus making it difficult to
detect the boundary of the reconstructed struc-
tures. In contrast, high-resolution topography data
from microscopic surface techniques provide ex-
actly complementary information. The combination
of topographic surface and volume data leads to a
better understanding of the 3D structure. The new
correlation procedure presented determines both
the height scaling of the topographic surface and
the relative position of surface and volume data,
thus allowing information to be combined. Experi-
mental data for crystalline T4 bacteriophage poly-
heads were used to test the new method. Three-
dimensional volume data were reconstructed from
a negatively stained tilt series. Topographic data
for both surfaces were obtained by surface relief
reconstruction of electron micrographs of freeze-
dried and unidirectionally metal-shadowed poly-
heads. The combined visualization of volume data
with the scaled and aligned surface data shows that
the correlation technique yields meaningful results.
The reported correlation method may be applied to
surface data obtained by any microscopic tech-
nique vyielding topographic data. o 200
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INTRODUCTION

Three-dimensional structure determination in the
transmission electron microscope (TEM) is based on
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a combination of many two-dimensional (2D) views
of the same object, each seen from a different view-
ing angle. In the case of helices or many identical
single particles oriented randomly on the TEM grid
the whole 3D space is directly accessible (Frank,
1996). For all other samples that adopt a preferred
orientation on the support film the different views
are realized by tilting the specimen. Owing to the
restricted tilting range in a TEM information is
lacking in a cone or wedge perpendicular to the tilt
axis. This results in a blurring along the z direction
of the reconstructed structure and, therefore, in a
blurred surface reproduction. The boundary of the
reconstructed structures is not clearly defined (Fig.
1). This information gap could be filled if comple-
mentary surface data were available. There are dif-
ferent techniques to determine the surface topogra-
phy of macromolecular structures, e.g., scanning
electron microscopy, atomic force microscopy, and
unidirectional metal shadowing in the TEM.

The surface reconstruction of images of freeze-
dried and subsequently heavy metal-shadowed sam-
ples is a well-established technique that has been
continuously improved in our laboratory (Gross,
1987). Today, it is possible to resolve surface details
of 2D crystalline objects at a spatial resolution of
15-8 A laterally and <5 A vertically, depending on
the quality of the crystals (Walz et al., 1996). The
progress is based mainly on the in-house developed
MIDILAB (Gross et al., 1990), allowing the freeze-
dried and shadowed specimens to be transferred
into the cryo-TEM under high vacuum and cryo con-
ditions. Consequently, a stabilizing carbon coat ob-
scuring fine-structural details is no longer neces-
sary.

The problem of combining data from different
techniques to give 3D information is well known in
medicine (intermodality image registration). Sev-
eral algorithms are used to correlate volume with
volume data, surface with surface data, or mixed
(West et al., 1999). We use a completely different
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FIG. 1. Volume reconstruction of a negatively stained polyhead from the projections of one tilt series. (a) Volume-rendered cube. The
white lines indicate the 2D sections (solid line: x—y section, dotted line: x-z section). (b) The x—y section shows clearly defined structures
with a lateral resolution of 12 A. (c) In axial direction (x-z section) the reconstructed data are strongly blurred owing to the restricted tilt
range, thus preventing the definition of the boundary of the reconstructed structures.

solution to correlate surface with volume data. First,
in contrast to typical medical volume data (e.g.,
magnetic resonance imaging (MRI) or computer to-
mography (CT) scans), 3D reconstructed volume
data from TEM have a strong anisotropic resolution.
Second, in the medical context surface data repre-
sent the closed boundary of a 3D object. In contrast,
all of the above-mentioned microscopic surface
methods detect the topography of an object and yield
information only for that part of the object, which is
exposed to the scanning tip or to the metal coat.
Therefore, many restrictions are given by the exper-
imental setup which reduces the number of degrees
of freedom for the alignment problem. This facili-
tates the combination of volume data from a TEM
and topographic surface data.

Combination of topographic surface and volume
data could be performed in three different ways: (i)
by visual arrangement of surface with volume data
in 3D space, (ii) by using an algorithmic correlation
of surface data with the independently recon-
structed volume data from 2D projections, and (iii)
by integrating surface information directly in the 3D
reconstruction procedure. Point iii is currently being
addressed by incorporating the surface reliefs as
constraints in the algebraic reconstruction tech-
nique (ART) algorithm (Marabini et al., 1998; Her-
man et al., 2000).

Here we concentrate on the first two approaches,
the visual and algorithmic combination of surface
and volume data of a 2D crystalline object, the poly-

heads of bacteriophage T4 (type Ill). Surface data
were obtained by the unidirectionally metal shad-
owing technique in the TEM (Fig. 2). Volume recon-
struction from a negatively stained tilt series was
performed by processing and combining images with
angles between —60° and +60°.

In this article we first present the basic idea of the
algorithmic correlation of surface with volume data
via projections and correlation functions. Then the
results of applying the new method to both the outer
and inner surfaces of polyhead tubes are shown, and
the limits of visual and algorithmic alignment are
discussed.

MATERIALS AND METHODS

1. Polyhead Preparation

The bacteriophage T4 type Il polyhead is an aberrant mutant
of the T4 phage and is composed of capsomeres of gene product 23
(gp23), arranged on a near-hexagonal lattice which is folded into
a cylinder. The tubes present essentially the same hexagonal
capsid pattern as on the native bacteriophage head. When ad-
sorbed to a support film, the spread-flattened tubes expose a
quasi-2D crystal with a quasi-p6 symmetry and a lattice constant
of 13 nm (Steven et al., 1976). A capsomere consists of six pro-
tomeres with a “pore-like” structure on the sixfold axes. The
bacteriophage T4 type 111 polyheads were prepared as described
by Steven et al. (1976) and provided by U. Aebi (Basel).

Volume data were acquired after negative staining with 2%
uranyl acetate. Surface data were obtained after freeze-drying
and unidirectionally shadowing at —80°C with Ta/W at an eleva-
tion angle of 45°. Because of its tubular structure a polyhead has
two surfaces, an outer surface and a hidden inner surface. The
only access to the topography of the inner surface is given by
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outer surface

FIG. 2. (a) Cross section through a polyhead cylinder showing the outer and inner surfaces. During preparation the cylinders are
flattened (right). The dotted square indicates the 2D crystalline area, which is reconstructed from the tilt series and shown in Fig. 1 as
volume data. (b) Dissected polyhead tube, allowing metal shadowing (indicated by the arrow) of the inner surface. (c) Electron micrograph
of two freeze-dried and unidirectionally metal shadowed polyhead cylinders. The shadowing direction (black arrow) can be concluded from
the shadow caused by a coprepared latex sphere (black circle). (d) Top view and (e) 3D view of the outer surface of the polyhead after relief
reconstruction. (f) Top view and (g) 3D view of the reconstructed inner surface. For a better visibility of the surface features the height

of the 3D views is overscaled.

finding dissected tubes, which then allows shadowing of the inner
surface (Fig. 2b).

2. Processing of Surface Data

Images were taken on film (Agfa Scientia) under low-dose con-
ditions (electron dose <10e /A?) at magnifications of 45 000X
(outer surface) and and 40 000X (inner surface), respectively.
Scanning of the negatives yielded pixel sizes of 2.1 A for the outer
surface and 2.7 A for the inner surface. The crystalline areas were
correlation averaged to improve the signal-to-noise ratio, and the
resolution (Fourier ring correlation criterion, Saxton and
Baumeister, 1982) was determined to be 13 A in the x—y direction
for both surfaces. The amount of metal deposited provides a direct
measure of the gradient of the surface and was used to calculate
the surface topography from the averaged images (Fuchs et al.,
1995). The sixfold symmetry of the polyhead structure allowed
reconstruction of complete surface data from a single micrograph.
The x-y calibration was given by the pixel size. Basically, the z
calibration of the surface could be calculated from the gradient.
But long experience has shown that this value is only a rough

estimate, and higher accuracy may be obtained by other experi-
mental techniques.

3. Processing of Volume Data

A single tilt series of 17 images were acquired at room temper-
ature under low-dose conditions (total accumulated dose: 85e~/
A2) in a Philips TEM CM12 which was operated at an accelera-
tion voltage of 100 kV. Images were recorded with a Gatan (694)
slow-scan CCD camera (24-um pixels) at a magnification of
56 500, corresponding to 4.1-A pixel size at specimen level. The
tilted images covered a tilt range from +60° to —60°, and the
angular steps followed a scheme proposed a by Saxton and
Baumeister (1984). Square areas of 1024 X 1024 pixels of the
selected views were processed using a combination of software
packages to take advantage of their different capabilities. Most of
the software belonged to the MRC suite (Crowther et al., 1996).
Lattice separation and refinement were carried out using the
X-Window-based graphical environment SPECTRA (Schmid et
al., 1993). Lattice distortion correction was performed by the
methods described in Henderson et al. (1986). In most cases one
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cycle of lattice unbending was sufficient. The resolution obtained
in the final map was calculated to be 12 A in the x—y plane and 18
A in the z direction.

4. Principle of Alignment of Surface and Volume Data

For specimens whose structure is determined by a tilt series in
a TEM the alignment problem is straightforward, because the
orientation of the surface relative to the volume is given by the
experimental setup. All known surface techniques detect a topog-
raphy (Figs. 2e and 2g) that is oriented parallel to the x—y plane
in the TEM (indicated by a solid line in Fig. 1a). So the problem
has only one rotational and three translational degrees of free-
dom. Thus, the alignment can be divided into a lateral part (x-y
direction) and an axial part (z direction).

a. Lateral alignment. Surface data are represented by a 2D
image top view (Fig. 3b), with gray values encoding the height (z
value) of the surface. First the surface top view is scaled relative
to the volume in the x-y direction; i.e., the pixel size of the surface
top view is adjusted to the x—y pixel size of the volume data. Then
the surface top view is both rotationally and translationally
aligned relative to selected x-y layers of the reconstructed volume
using 2D cross-correlation functions (Frank, 1996).

b. Axial alignment. For the axial alignment the volume is
assumed to be completely filled with material of constant density
(Fig. 3). If exactly that part of the volume that corresponds to the
surface is projected in the z direction (calculation of the line
integral in the z direction by adding up all volume elements), the
resulting projection (Fig. 3d) is exactly the same as the surface
top view (Fig. 3b). Finding the axial alignment entails systemat-
ically projecting different parts of the volume and subsequently
comparing the projections with the surface top view. The similar-
ity of the projections with the surface top view is measured by the
cross-correlation coefficient. The absolute maximum of all cross-
correlation coefficients yields the position of the surface relative
to the volume, as well as the z calibration of surface data since the
z calibration of the volume data is defined by the voxel size.

5. Alignment of Surface and Volume Data of Tubular T4
Polyheads

When two surfaces are correlated with a volume, both their
orientation and handedness have to be carefully considered. The
experimental outer surface of a polyhead corresponded directly to
that boundary of the molecule in the 3D volume, for which “by
definition” the surface vector pointed in the positive z direction.
To calculate the correlation of the inner surface of the polyhead
the experimental 2D surface top view had to be flipped, which
means that the surface vector pointed in the negative z direction.

Lateral scaling of the reconstructed surfaces was done by ad-
justing the lattice vectors with that of the 3D volume reconstruc-
tion (resampling to a pixel size of 2 A). No rotational alignment
was necessary because surface and volume reconstructions were
already oriented with one hexagonal lattice vector horizontally.
Lateral translational alignment was performed by calculating the
cross-correlation function between the surfaces and selected x-y
layers of the volume.

For axial alignment, the output from the 3D reconstruction was
cropped between a varying bottom and a varying top x—y layer
before calculation of the projection in the z direction. The layer
that was farther from the center of the volume was called the top
layer, regardless of its actual position in the 3D stack. The top
and bottom layers of the projected region, which fits best the
surface top view, then correspond directly to the highest and
deepest points of the surface, respectively. The projection of the
cropped volume part was calculated for each x—y position by the
addition of all gray values in the z direction and subsequent
division by the number of projected layers. Such projections were

calculated for all possible volume parts by systematically varying
both the top and bottom layers defining the cropped region.

To avoid high frequencies in Fourier space during calculation of
the cross-correlation function, a hexagon of three unit cells was
circularly masked with a Gaussian border (standard deviation
1/24th of the lattice vector) and padded with zero (Frank, 1996)
for both the surface top view and the projected region. To decide
which projected region had the strongest similarity with the
surface top view, normalized cross-correlation coefficients at the
origin of the cross-correlation map were compared. Normalization
was done by dividing the resulting cross-correlation coefficient by
the square root of the product of the autocorrelation coefficients of
both 2D images. Comparing the coefficients for a fixed top layer
and varying bottom layers, the maximum yields the z calibration
of the surface for that specific top layer, since the z calibration of
the volume and therefore the distance between top and found
bottom layers is known. Comparison of the correlation maxima
for different top layers gives both the correct z calibration and the
correct axial location of the surface in the volume. The software
for the algorithmic combination of 3D volume and surface data
was written in-house. The 3D visualization software was devel-
oped in collaboration with Bitplane AG, Zurich, Switzerland.

RESULTS

Lateral alignment by calculating the cross-corre-
lation map of the surfaces (Fig. 2) with single x-y
layers of the reconstructed volume (Fig. 1) was am-
biguous. Depending on the chosen x—y layer the re-
sulting lateral shift vectors differed by 2 pixels. To
overcome this ambiguity the whole axial alignment
(Section 4b) was performed several times, each time
the surface was shifted by one or two pixels in the x
or y direction or both. The relative result of the axial
alignment did not change; i.e., the relation of the
cross-correlation coefficients did not change, but the
absolute values varied by a multiplicative factor.
The maximum indicated the best lateral and axial
alignment which was confirmed by visual inspec-
tion.

The axial alignment of the outer surface showed
clear maxima (Fig. 4a) in the plot of cross-correla-
tion coefficients, describing the similarity of cropped
regions with a fixed top layer and varying bottom
layers. Three different types of curves were ob-
served. Curves with one maximum in the center
indicate that the surface is either outside of the
volume; e.g., the chosen top layer is still too far away
from the center of the molecule (Fig. 5a) or at pre-
cisely the correct location in the volume (Fig. 5b).
Curves with two maxima show that the surface is
inside the volume (Fig. 5¢). The third type of curve
with a maximum at the end means that the surface
top view is most similar to a single x-y layer, the
bottom layer, in the volume, rather than to a projec-
tion. This is the case if the top layer is chosen too far
inside the volume. The maximum cross-correlation
coefficient for the outer surface of the polyhead (Fig.
4b) was found in a curve showing one centered max-
imum, clearly indicating a good match of surface
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FIG. 3. Surface and volume data of a model object. The surface (a) fits exactly to the upper part of the volume (c). (a) Three-
dimensional view and (b) top view of the surface. (c) Volume data are visualized by ray tracing. The dotted line indicates the height
corresponding to the deepest point of the surface. (d) Upper part of the volume cut between top and bottom layers indicated in (c) and the
2D projection image, which results from summation over all volume elements in the z direction as indicated by the arrow. This projection
image is identical to the surface top view shown in (b). (e) and (f) explain the correlation-based search for the top and bottom layers
defining a cropped region of the volume, for which the projection is most similar to the surface top view. (e) In the first step the volume
is cropped between a certain top layer and varying bottom layers, and the projections of the cropped regions (left) are cross-correlated with
the surface top view (center). The resulting correlation coefficients are plotted against the bottom layer (right), the maximum thus
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FIG. 4. Cross-correlation results for the outer (a, b) and inner (c, d) surfaces of the polyhead. (a) Each curve shows normalized
coefficients for the cross-correlation between the top view of the outer surface and the projection image of part of the volume, which was
cut at a certain top layer (cf. plot in Fig. 3e). Each point of the curve stands for a volume part, which was cut at a different bottom layer.
The plot shows several curves covering all combinations of top and bottom layers. The maximum of a single curve yields the corresponding
z calibration of the surface by simply counting the enclosed x—y layers of the volume and taking into account the known z calibration of
the volume. (b) The maxima of the curves in (a) are plotted against the top layer to obtain the absolute maximum cross-correlation
coefficient (cf. plot in Fig. 3f). The maximum is clearly defined and yields an outer surface with a thickness variation of 28 A and the
fixation of the deepest point of the surface in the volume at a height of 64 A. which is visualized in Fig. 5b. (c) Cross-correlation coefficients
for projected volume parts of the inner surface. (d) Maxima of the correlation curves in (c). The absolute maximum cross-correlation
coefficient yields an inner surface with a thickness variation of 8 A, the highest point fixed at an height of 54 A in the volume.

with volume. The resulting z calibration assigns a coefficient was found in a curve with a centered

thickness variation of 28 A for the outer surface of
the polyhead, measured from the deepest to the
highest point of the surface (Fig. 6).

The axial alignment of the inner surface of the
polyhead resulted in two types of curves, one with a
maximum at the center and one with a maximum at
the end (Fig. 4c). The maximum cross-correlation

maximum (Fig. 4d). The second highest cross-corre-
lation maximum appeared at the end of a correlation
curve. The corresponding top-to-bottom layer dis-
tance yielded a thickness variation of 8 A for the
inner surface (Fig. 6).

Knowledge of the z calibration and the location of
both polyhead surfaces relative to the reconstructed

indicating the “best” bottom layer for that specific top layer. (f) To obtain the correct z position and z calibration of the surface, the whole
procedure described in (e) is repeated for volume parts cropped at different top layers. All maxima of the correlation curves in (e) are
plotted against the top layer. The absolute maximum yields a top and bottom layer limiting that region of the volume, which resembles
best the experimental surface.
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FIG. 5. Simultaneous visualization of a semitransparent x—z
view of the volume (same view as in Fig. 1c) and the outer surface
indicated by a black curved line. As the surface is represented as
a 3D view cut in a special x-z plane, parts of the surface behind
that plane can be seen where the volume has low density. (a—c)
Different z scaling and z alignment of the outer surface relative to
the volume, thereby elucidating some correlation maxima in Fig.
4b. (a) Maximum cross-correlation coefficient for a chosen top
layer No. 49 yields a surface thickness of 38 A, which is given by
the maximum of the curve with filled rhombs in Fig. 4a. (b) The
absolute cross correlation maximum appears for top layer No. 45
and reveals a surface thickness of 28 A (curve with filled triangles
in Figs. 4a and 4b). This calibration shows also visually the best
fit of surface to volume data, which can be verified in other
sections (data not shown). (c) This x—z section visualizes the
correlation result for top layer No. 41: The curve (with flat hori-
zontal stripes in Fig. 4a) of cross-correlation coefficients has two
local maxima. Both resulting outer surfaces with thicknesses of
28 A (thicker line) and 4 A (very weak line), respectively, are
clearly inside the volume.

3D volume was then used to calculate an average
protein mass, filling the space between the surfaces.
Assuming a protein density of 1.3 g/cm? the surfaces
include a mass of 263.4 kDa per unit cell. This cor-
responds to 90.1% of the mass calculated from the
known amino acid sequence (Parker et al., 1984).

DISCUSSION

Application of the new method for correlating sur-
face and volume data to our experimental test ob-
ject, the bacteriophage T4 polyhead, yielded differ-
ent results for the two surfaces, but the general
behavior of the correlation method was the same. An
indication of the validity of the correlation method is
the shape change observed in the correlation curves
as the surfaces are brought successively closer to the
center of the molecule (Figs. 4a and 4c). When the
surface is still outside of the volume, the curve
shows a single maximum at the center, which in-
creases as the top layer position approaches the best
fit of surface to volume. Once the surface has en-
tered the volume, correlation curves exhibit either
two maxima or one maximum at the end. Even if the
surface is shifted in lateral direction by 1 or 2 pixels,
the results remain the same except for a global de-
crease in the cross-correlation coefficients, thus in-
dicating stable correlation.

In the case of the outer polyhead surface (Figs. 2d
and 2e) the correlation results clearly indicate that
there is one outstanding position and calibration of
the surface fitting to the volume data. All correlation
curves show a distinct maximum, and the absolute
maximum is visibly higher than the other maxima.
The simultaneous visualization of volume and the
outer surface confirms that the absolute correlation
maximum indeed describes the best fit of volume
and surface (Fig. 7). The resulting thickness varia-
tion of the outer surface of 28 A seems reasonable
according to shadowing length measurements.

The results are ambiguous for the inner polyhead
surface (Figs. 2f and 2g). The maximum cross-corre-

" surface

FIG. 6. A schematic x—z section through the volume data
represents the results of the alignment. The maximum correla-
tion for one surface yields a bottom and a top layer, referring to
the volume data. The surface is spread between these two layers.
With the known z calibration of the volume data, which was
reconstructed from a tilt series, both the thickness variation and
the relative position of the surfaces were determined. The outer
surface shows a thickness variation of 28 A, and the inner surface
a thickness variation of 8 A. The distance between both bottom
layers was determined to be 10 A. As bottom layer always that
layer is defined that is nearer to the center of the volume. The
drawn detail is indicated in Fig. 2a by a dotted rectangle.
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FIG. 7. The results of the best correlation of both surfaces of a polyhead are shown. (a, b) The large images represent an x—z view and
a y-z view of the volume, with the outer surface colored in purple and the inner surface colored in green. The colored lines in the inset
showing the x—y central layer of the volume indicate the x—z and y—z sections respectively. (c) A volume-rendered representation of the
polyhead 3D reconstruction after removal of all density outside the aligned surfaces. The parameters for the rendering are the same as
in Fig. 1a, thus showing clearly the benefits of combining surface data with incomplete volume data.
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lation coefficient is located in the center of a curve,
resulting in a surface thickness of 8 A. But the
second highest cross-correlation maximum is found
at the end of a correlation curve, thus revealing the
second best fit of the surface with a single x-y layer
of the volume. This implies that the inner surface
does not resemble the structural details of the vol-
ume very well, which is confirmed by the simulta-
neous visualization of the inner surface and the
volume (Fig. 7).

There are several explanations for the different
similarity of both polyhead surfaces with the volume
data. Negative staining, which is used for prepara-
tion of the tilt series data, imposes restrictions on
the validity of the volume data. First, negative stain-
ing can cause flattening of surface features due to
surface tension forces acting at the air-liquid inter-
face during drying. But as long as mainly the height
of surface structures is reduced and no strong struc-
tural changes take place, this effect is compensated
in the correlation method by the axial scaling of the
surface data. By comparing 3D reconstructions of 2D
crystalline structures prepared with the frozen hy-
drated and the negative staining techniques it was
shown that at intermediate-resolution (20-15 A)
negative staining can faithfully reproduce the over-
all structure and size (Hoenger and Aebi, 1996).

Another point is that uranyl acetate does not stain
the structure homogeneously, but rather forms an
envelope around the examined structure. This can
be critical as the correlation technique is based on
the assumption that the volume data have homoge-
neous density inside. However, examination of the
polyhead volume data (e.g., Fig. 1c or 7) gives the
impression that the stain is penetrating the struc-
ture to such an extent that at least the outer surface
is widely homogeneously stained. Indeed, for the
outer side the volume and the topographic surface
data fit together very well.

The inner surface of the polyhead has different
preparation conditions, as the former polyhead cyl-
inders flatten during adsorption, resulting in two
crystalline layers with the inner surfaces located
inside (Fig. 2a). Thus, the heavy metal stain has no
direct access. Due to incomplete staining the volume
data may not show the correct structural details for
the part of the inner surface. Additionally, struc-
tural alterations may be caused by a possible inter-
action of the touching inner surfaces of the two lay-
ers.

Both staining and flattening artifacts could be
avoided by applying cryo-electron microscopy to an
unstained specimen embedded in vitrified ice. Un-
tilted projection data from frozen hydrated poly-
heads exist (Lepault, 1985). However, a successful
3D reconstruction has not yet been reported.

In contrast to the volume data, the topographic
reconstructions of both surfaces of the polyhead
should reveal the same high quality due to the iden-
tical exposition of the surfaces during the whole
preparation process. Thus, the surface data were
used to build a 3D model according to Fig. 6. As the
calculated mass included between the surfaces cor-
responds to 90% of the known amino acid mass
(Parker et al., 1984), it can be concluded that the
resulting position of the inner surface is not far from
the true position, assuming that the outer surface is
correctly scaled and aligned. Therefore, it seems to
be reasonable to build a 3D model by putting the
surfaces into the volume according to the correlation
results and setting all density outside the surfaces
to zero (Fig. 7¢).

It should be noted that the alignment method is
based on gray values of the real volume, not on a
binary version (isosurface) where a threshold has to
be set in advance. Thus, the full information given
by the 3D reconstruction is used. This may be one
reason why the method works despite the fact that
the assumption of a constant density within the
volume is not strictly fulfilled.

Whether the correlation of surface data with vol-
ume data showing artifacts owing to missing infor-
mation is justified can be discussed. Strictly consid-
ered in a mathematical sense, only direct inclusion
of surface data in the 3D reconstruction procedure,
e.g., with ART, yields correct structural data. But in
most cases the inherent inexactness of the a poste-
riori combination of nonperfect data may be much
smaller than the experimental variability of the in-
vestigated object itself. The resulting 3D model
shows many more details than the pure volume
data. So structural determination benefits from this
new method.

The novel alignment method is not bound to a
special technique for structure determination; in
particular it is not limited to crystalline samples.
Basically, all blurred volume data can be used,
where the boundary of the object is not clearly de-
fined. The topographic surface data could also orig-
inate from tip microscopies. The necessary condition
for the algorithmic correlation is that the investi-
gated object does not show large hollow regions be-
low the topographic surface.
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