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Abstract: We have implemented and tested a new automatic method for the montage synthesis and three-
dimensional (3D) reconstruction of large tissue volumes from confocal laser scanning microscopy data (CLSM).
This method relies on maximization of the phase correlation between adjacent images. It was tested on a large
specimen (a murine heart) that was cut into a number of individual sections with thickness appropriate for
CLSM. The sections were scanned horizontally (in-plane) and vertically (perpendicular to the optical planes) to
produce “tiles” of a 3D volume. Phase correlation maximization was applied to the montage synthesis of
in-plane tiles and 3D alignment of optical slices within a given physical section. The performance of the new

method is evaluated.
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INTRODUCTION

The ability to analyze the organization of a relatively large
(i.e., tens of millimeters) biological sample in three dimen-
sions is becoming increasingly critical in biomedical re-
search (Brakenhoff et al., 1985; Carlsson et al., 1985; Boon
et al., 1994; Merchant et al., 1994; Prakash et al., 1994;
O’Brien et al., 2000; Liu & Chiang, 2003). Very high spatial
resolution (submicrometer) can be obtained from confocal
laser scanning microscopy (CLSM) (Davidotts & Egger,
1969; Denk et al., 1990). However, because of light absorp-
tion and scatter, typically only 100-200-um-thick physical
sections can be imaged at a time at low magnifications and
much less than this at higher magnifications. This necessi-
tates cutting a large specimen into a number of individual
sections with appropriate thickness. Each physical slice can
then be imaged by recording a series (i.e., a stack) of images
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in parallel optical planes, defined by varying the axial focal
depth. Imaging of structure with a large transaxial cross
section requires a number of individual, in-plane images,
referred to as “tiles,” which form pieces of a “mosaic.” The
tiles have to be montaged or mosaicked together to form a
single integrated transaxial image in a given optical plane.
This process is referred to as “mosaicking.” Building a three-
dimensional (3D) image from 2D tiles obtained for a num-
ber of individual physical sections requires three steps:
(1) 2D registration of tiles, (2) 3D alignment of recon-
structed optical slices within a given physical section, and
(3) 3D alignment of reconstructed physical sections.

There exist a number of approaches to 2D montage
synthesis (mosaicking) within a given optical plane. They
can be separated into two groups: the first group involves
man in the loop and consists of manual fitting of the
overlapping tiles (Oldmixon & Carlsson, 1993; Beck et al.,
2000) and the second group involves automated methods
that do not require a man-in-the-loop setting. The auto-
mated methods rely on optimization of some similarity
measure between the overlapping parts of the images, includ-



ing the sum of absolute valued differences, the normalized
correlation coefficient, the mutual information function
(Fraser & Swinney, 1986), a landmark-based method (Becker
et al., 1996), and a model-based minimum mean squared
algorithm (Can et al., 2003). The 2D montage synthesis
within a given optical plane yields an optical slice. Optical
slices can be aligned with respect to each other to form a 3D
object—a single CLSM section. The 3D alignment of the
optical slices has been performed through either manual or
automated alignment of segmented contours in each optical
plane (Oldmixon & Carlsson, 1993) or through application
of a suitable registration algorithm to all the optical planes
forming the entire CLSM data set (Roysam et al., 1994;
Capek & Krekule, 1999) or based on high-order transforma-
tion models (Al-Kofahi et al., 2003). Once a single CLSM
section is obtained, its surface can be extracted using vari-
ous methods (Hessler et al., 1992).

Baheerathan et al. (1998) reported on a semiautomatic
interactive registration method for 3D reconstruction of
successive serial transmission electron micrographs of ultra-
thin sections of mouse liver cell nuclei. The phase correla-
tion method was used to correct the rotation and translation
components followed by the global distortion correction via
a point mapping method based on different ways of select-
ing the control points.

In this article we describe the application of an image-
processing procedure, based on the phase-correlation
method, to enable the fully automated 2D registration of
in-plane images (i.e., tiles), and 3D alignment of recon-
structed (montaged) optical slices within a given physical
section. The procedure has been tested on the whole set of
CLSM images of a murine heart. The size of the 3D recon-
struction space containing all the montaged optical slices
and all the assembled in 3D CLSM sections forming the
imaged specimen was approximately 10 mm X 10 mm X
10 mm.

MATERIALS AND METHODS

Sample Preparation and Image Acquisition

Murine hearts were immersion fixed for 24 h in 4% para-
formaldehyde and were sectioned (100-150 wm) on an
Oxford vibratome. Sections were rinsed in PBS containing
0.1 M glycine and 1% BSA and stained with a 1:20 dilution
(10 units/slide) of rhodamine phalloidin (Molecular Probes,
Eugene, OR) in PBS overnight at 4°C. Rhodamine phalloi-
din is a specific stain for f-actin, which is a primary compo-
nent of the cardiac contractile apparatus. Imaging was
performed with a 4X (NA 0.2/WD 15.7) objective on a
BioRad MRC1024 ES confocal microscope equipped with
an argon/krypton laser. Each image consisted of a 512 X
512 pixel array and each pixel was 4.83 wm? Each optical
Z-series through the vibratome sections was collected at
5-um intervals and, for each vibratome section, it was
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necessary to collect images from several overlapping areas
to complete a montaged image of the entire heart. Data sets
were converted from the BioRad pic format to standard
uncompressed tiff images in order to be analyzed.

Mosaicking In-Plane Tiles into an Optical Slice

Denote by XY an in-plane coordinate system. Because the
microscope stage moves only horizontally in the X and Y
directions and does not perform any rotations, the relation-
ship between overlapping tiles consists of a straight-line
shift in the XY direction. As a result, an image-processing
procedure derived from phase correlation can be designed
for the mosaicking task. The phase correlation approach is
based on frequency analysis of data correlation between two
in-plane images and stems from the property that transla-
tion in the space domain corresponds to a phase shift in the
frequency domain (Kuglin & Hines, 1975; Bracewell et al.,
1993; Foroosh et al., 2002)

Taking the inverse Fourier transform (IFT) of the phase
shift and then finding the maximum amplitude yields the
XY displacement. Whenever the two images are identical in
content and related by pure in-plane translation (X, Y;),
IFT results in a delta function centered around the displace-
ment (X, Yy).

Let fi(x, y) and f5(x, y) denote functions of pixel values
in images 1 and 2, respectively (Foroosh et al., 2002).
Further, let

L(xy) = filx— X0y = ¥0) (1)
According to the Fourier shift property,
By (u,v) = Fy(u,v)e Jotero), )

where F,,(u,v) denote the Fourier transform of f,,(x,y),
m = 1,2. The normalized cross power spectrum is given by

M = ¢ Jluxotoy) (3)
‘FZ(M’U)F;‘(L[>U)|

where # denotes the complex conjugate. Taking the IFT of
the normalized cross power spectrum in (3) results in a
Dirac delta function centered at (xo, o)

efj(ux(ﬂrv}’o) — 8(x — Xp,) — )/0) (4)

Figure 1 illustrates results of operations defined by
equations (1)—(4) performed on two adjacent CLSM images
(tiles) located in the same optical plane and having large
overlap.

In the case of confocal image tiles, the difference be-
tween the two images is not a simple shift (i.e., translation)
but involves disjoint areas that cannot be found in both
images at once. Some structures disappear from the image
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Figure 1. The amplitude of the 2D inverse Fourier transform
performed on the normalized cross power spectrum of two adja-
cent CLSM images (tiles) located in the same optical plane (XY),
having large overlap and related by pure in-plane translation
defined by the vector (Xp,Y,) = (40,30); see equations (1)—(4) in
the text. Note the sharp peak, representing the Dirac delta func-
tion, centered at (X, Yo).

Figure 2. Possible pixel shifts between consecutive M X N tiles.
Left: xo = 0 and y, = 0; center: xo = M/2 and y, = N/2; right: xy =
2M and y, = 2N.

and other structures emerge when going from one tile to
the other. This causes the appearance of the high-intensity
side lobes while broadening and reducing the delta-function
peak, thus making it difficult to find the location of the
actual peak. Another major problem is that although the
size of a tile and its FFT is limited to M X N, the shift in
phase can be up to 2M X 2N because of the extent by
which one tile can move relative to another, as shown in the
examples of Figure 2. Because of the M X N limitation, a
higher phase indication is “wrapped” into the smaller val-
ues, making it difficult to decide whether the value obtained
for a shift is real or wrapped. These factors have been
successfully addressed in the present work.

The algorithms for montage synthesis via phase corre-
lation (MSPC2D) in 2D (i.e., for mosaicking of CLSM
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Figure 3. Flowchart of the phase correlation algorithms. Left:
MSPC2D algorithm used to montage the individual LSCM two-
dimensional images (tiles) belonging to the same optical plane;
right: MSPC3D algorithm used to align the synthesized optical
slices to form the 3D volume of a given physical section.

optical slices) and for 3D alignment of optical slices via
phase correlation (MSPC3D) were coded in MATLAB (The
MathWorks, Inc., Natick, MA). The MSPC2D algorithm was
applied to each pair of adjacent tiles in each CLSM optical
plane, and then, using one tile as a reference, an optical slice
was built by montaging (mosaicking) all the tiles belonging
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Figure 4. Example of montage synthesis (mosaicking). Left: 512 X 512 pixel tiles; right: the resulting montage (mosaic)

of up to 1536 X 1536 pixels. Pixel size is 4.83 um X 4.83 um.

to that optical plane. The approach was tested on all the
data and proved to be 99% successful. The flowchart of the
MSPC2D algorithm is shown in Figure 3. The algorithm
utilizes a 3D matrix as a working space where the montaged
adjacent tiles are stored. Once all the tiles are montaged
with their neighbors, the final image of an optical slice is
obtained by projecting (properly normalized) all the mon-
taged images onto a common plane. The MSPC3D algo-
rithm was subsequently applied to all already montaged
optical slices belonging to a given CLSM section, yielding a
synthesized 3D object correctly mapping the selected vibra-
tome section of the murine heart. The approach was tested
on all the data and proved to be 100% successful. The
flowchart of the MSPC3D algorithm is shown in Figure 3. It
also utilizes a 3D matrix as a working space where the
aligned consecutive optical slices are stored.

RESULTS

Our test CLSM data set obtained for a murine heart con-
sisted of 10,800 images (i.e., individual tiles) each of size
512 X 512 pixels (pixel size 4.83 um, 262 kB), forming a set
of data with total size of 2.8 GB. The set contains 72
physical (vibratome) sections, each 150 um thick. Each
vibratome section was divided into approximately 30 paral-
lel optical planes (Z-series) 5 wm apart. A 1.5-GHz com-
puter with 1 GB of RAM was used to process all tiles in all
optical planes. A total of 1,459 mosaic images (optical slices)
were constructed. The total time elapsed was (a) 22 h to
build individual-optical-plane images (2D mosaicking using
MSPC2D algorithm), and (b) 28 h to align all individual-
optical-plane images within each vibratome section (3D
alignment using MSPC3D algorithm).
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Figure 5. Line profiles showing intensity values for row 200 versus
pixel number in the montaged tiles 1 (black line) and 2 (gray line).
The data are obtained from row 200 of the two top left tiles of
Figure 4.

Montage Synthesis of Individual Image Tiles
within an Optical Plane

Figure 4 shows an example of adjacent image tiles and the
resulting mosaic obtained using MSPC2D algorithm. The
quality of 2D image integration can be evaluated by inspect-
ing line profiles through the images (Fig. 5). Very similar
bias, noise, and signal levels are evident in both profiles. The
only cases for which the phase correlation method failed
were those that had very small or no overlapping regions
between two consecutive tiles (Fig. 6a). Even in those cases,
however, the procedure worked successfully, just by rearrang-
ing the order of the consecutive tiles and choosing a differ-
ent reference tile. The corrected version of Figure 6a is
shown in Figure 6b.
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Figure 6. Performance of phase-correlation algorithm for in-plane montage synthesis. a: incorrectly synthesized
montage attributable to insufficient or nonoverlapping regions between adjacent tiles; b: correctly synthesized montage
of the same set of tiles as in a obtained after rearranging the order of tiles in the phase-correlation procedure. Image size

is 1536 X 1536 pixels. Pixel size is 4.83 um X 4.83 um.
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Figure 7. Example of the line profiles showing intensity values
versus pixel number in two neighboring tiles, black and gray,
respectively, that were aligned using the phase-correlation method.
Small local misalignment is due to noise in the images.

Because of noise in the images, the centroids of the
local minima and maxima could be aligned only on average,
resulting in possible small local misalignment (Fig. 7). How-
ever, we estimate that the resolution loss attributable to this
phenomenon is below 2 pixels.

Contrast variation among tiles corresponding to the
same optical plane has not created any problems in the
phase-correlation mosaicking procedure (Fig. 8).

Alignment of Individual Optical Slices
within a Physical Section

Consecutive optical slices within a given physical section are
acquired via vertical translation of the sample stage. Again,
because no rotations are involved, this 3D alignment can be

Figure 8. Optical plane successfully synthesized via the phase-
correlation method containing tiles exhibiting intensity variation
(arrows). Image size is 1536 X 1536 pixels. Pixel size is 4.83 um X
4.83 pm.

achieved by finding the straight xy phase shift between
consecutive optical slices. The above-described MSPC3D
algorithm, utilizing phase correlation, was used for this task
with complete success. Figure 9 shows an alignment of two
consecutive optical slices. Figure 10 shows a complete recon-
structed volume of one vibratome section.
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Figure 9. Example of two consecutive optical planes belonging to the same physical section aligned using the
phase-correlation procedure. Image size is 1536 X 1536 pixels. Pixel size is 4.83 um X 4.83 um.

Figure 10. Example of a physical section (section 28) that comprises 30 optical slices (each of them synthesized via the
phase-correlation method) aligned in three dimensions using the phase-correlation procedure. Image size is 1536 X

1536 X 30 voxels. Voxel size is 4.83 um X 4.83 um X 5 um.

CONCLUSIONS

The reported study was performed on only one sample—a
murine heart sectioned using vibratome and imaged with
CLSM. However, we believe that the conclusions are general
and can be extended to any sample imaged with laser
scanning microscopy (LSM) including multiphoton laser
scanning microscopy (MLSM) independent of the section-
ing and staining method. Presently, we are performing sim-

ilar studies on another murine heart that was vibratome
sectioned and imaged with 10X magnification using CSLM
with three different stains resulting in three different colors
(red, green, and blue). The resulting imaged volume in
terms of a total number of voxels will be significantly larger
and it will be interesting to assess how our algorithms
perform in this context. We plan to publish the results as
soon as possible.

The phase-correlation procedure (MSPC2D algorithm)
was 99% successful in 2D montage synthesis. The only cases
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for which the method failed involved those involving optical
slices that had very small or no overlapping regions between
consecutive image tiles (Fig. 6a). However, even in those cases,
the procedure worked successfully after rearranging the order
of the tiles (Fig. 6b). The 3D synthesis using phase correlation
(MSPC3D algorithm) was 100% successful in alignment of
optical slices within a given physical section (Fig. 10).

The phase-correlation-based procedure offers a very ef-
ficient and robust approach to building a large 3D volume
from 2D image tiles obtained by CLSM in a series of optical
planes in the same vibratome section of the sample. A proper
preparation of the samples would require implementation
of a CLSM or MLSM software that would (a) perform error
checking to detect inadequate overlap between consecutive
tiles, and (b) check whether all tiles in all optical planes have
been acquired. In cases where there are such problems,
rescanning would then be done automatically. As a result,
the 1% failure rate in 2D mosaicking would be remedied.

The same algorithms without any modifications can be
used for the montage synthesis of 2D optical slices and the
3D tissue reconstruction of large tissue volumes in MLSM
with the added advantage of deeper sectioning available in
MLSM.

We plan to implement our algorithms in the ITK
framework (www.itk.org) and make them available to the
LSM community.

More work and a different approach are required to
implement 3D registration of consecutive physical sections,
because the process of sectioning is done mechanically and
results in loss of material (~5 wm thick), inadvertent rela-
tive rotation, tilt, and distortion of consecutive physical
sections.
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