3D RECONSTRUCTION

Computer-Based Alignment and
Reconstruction of Serial Sections

John C. Fiala and Kristen M. Harris, Department of Biology, Boston University, MA, USA

‘The procedures alignment an

object reconstruction using these tools are
described, By recovering 3D structure using,
WMnmkEMMEmMﬁn—
drionin the brain can be doughnut-shaped.
Reconstructions are also demonstrated for a
sagment of spiny dendrite, and for a pollen
grain imaged by confocal microscopy.

KEYWORDS
braln imaging, confocal microscopy, mito-

chondria, sterealogy, TEM.

ACKNOWLEDGEMENTS

Thanks to Marcia Feinberg for her outstand-
ing serial sectioning and electron
microscopy. This work was supported by
Human Brain Project gramt RO1 MH/DA
57351 funded jointly by NIMH and NIDA.

AUTHOR DETAILS

Dr. John Fiala, Department of Biology,
5 Cummington 5t., Boston University,
Boston, Massachusetts, 02215, USA
Tal: +1 617 358 1125

Fax: +1 617 358 1124

Email: fiala@bu.edu

R Raletan Gosdon Communieatisne.

INTRODUCTION

Transmission electron microscopy (EM) of
ultrathin sections produces high-resolution
images of biclogical tissue, but most of the
three-dimensional (30 structural infarmation
s lost. This 30 structure can be recovered from
serial sections, Unfortunately, the process of
30 reccnstruction is often viewed as prohibi-
tively time-consuming, reguiring tools and
expertise not available to most |aboratories,
We have deweloped techniques that bring
reconstruction  within the reach of any
researcher, Reconstructions can be performed
on an ordinary personal computer (PC) run-
ning Microsoft Windows, using software taols
available at no cost from our website
(hitpelsynapses.bu edu'vaols).

This approach to 30 reconstruction fram ser-
ial sections is demonstrated on an example
series through a mitochondrion. By recovering
the 30 structure it is shown that some mito-
chondria in hippocampal astrocytes are truly
doughnut-shaped rather than cup-shaped asis
commaonly inferred from single section studies
[1]. Examples are also given of 3D structure
recovered from confocal microscopy of a grain
of pollen, and from serial electron microscopy
of a dendrite of a spiny neurcn.

'PREPARATION OF SECTIONS

To recover the structure of a mitochendrion
from the rat hippocampus, a series of 16 sec-
tions through the mitochondrion was pho-
tographed onto 3.25 x 4 inch EM film. The
developad rlegatwes were digitized using a

high-resolution, large-format film scanner. We
use the Polaraid SprintScands and the Agfa T-
2500, but any large-format transparency scan-
ner capable of 1000 dpi optical resolution
should be sufficient for many applications. \We
have obtained satisfactory results using the
transparency adapter on the Epson Perfection
16405U scanner, for example. Scanning an
entire negative at 1000 dpi produces an image
size of about 3000 x 4000 pixels, (about 10
megabytes). The resulting resolution will be
approximately 400 pixelslym for negatives
photographed at 10,000 times magnification.
Higher dpi scanning should be used for lower
magnification negatives to obtain a compara-
ble reselution. The image file format is not
critical, & corversion program is available from
our website to facilitate conversion of image
files.

ALIGNMENT OF SECTIONS
Serial sectioning and imaging each section
separately induces misalignments between
sections. In addition to rotational and transla-
tional offsets, misalignments between sections
include scaling andfor nonlinear deformation
due to mechanical stretching and folding of
the tissue, due to temperature changes, and
due to optical distortions in the electron
microscope [2]. Our alignment software, serial
EM (sEM} Align, provides a means to correct
these distortions over the entire image. We
advocate aligning whaole images rather than
just individual contours or objects for several
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the alignment of individua| objects, ensuring
that they are not artificially straightened ar
distorted. Aligning the whole field often
allows several objects to be reconstructed and
analyzed at once. Aligned images also facili-
tate identification and tracing of objects. A
prerequisite to any stereclogical analysis is the
ability to correctly identify objects by their sec-
tioned profiles [3,4]. Difficulties in identifying
astructure on a single section can be resalved
by following the structure on adjacent sec-
tions, This is much easier to da with aligned
section images.

The sEM Align software assists the user in
finding a set of transformations, one for each
section, that will place the series of images
into alignment [4]. Each section may be trans-
lated, rotated, skewed, scaled, stretched, and
bent, either by manual adjustments of the
user, or by computation from a set of point
correspondences entered by the user, The
speed of the image movement is independent
of image size and fast enough for smooth user
interaction. This allows alignment of large
images to be done on an ordinary PC without
special-purpose hardware.

The 16 sections containing the mitechon-
drion of interest were aligned as follows. The
central section, section 8, was not trans
formed. All other sections were aligned to it
starting with section 9. Section 9 was aligned
ta section B using the point comespondence
method, This involves selecting 3-6 pairs of
corresponding points in the two images. In
many systems that use point correspondences
for alignment, artificial fiducials are intro-
duced prior to sectioning to support align-
rent |5). Fortunately, in serial EM of the brain,
there are many intrinsic fiducials in the form of
cross-sectioned microtubules and ather oylin-
drical organelles. Corresponding microtubulas
were selected from the cross-sectioned den-
drites in the corners of the sections. Four
microtubule comespondences were sufficient
far the software to automatically compute the
transfarmation that brought two sections into
alignment (Fig 1), Different microtubules were
selected in each pair of sections to avaid bias-
ing the alignment with the spatial relation-
ships of any single set of fiducials,

To evaluate the guality of alignment on-
screen, section images were compared by
blending and flickering. Blending displays two
overlaid sections, each with half the luminance
of the ariginal image (Fig 1, bottom). Provided
sections are sufficiently thin, blended images
become sharper as they align, blurrier as they
go out of registration. Flickering between sec-
tion images produces apparent motion in the
direction of offset that can also quide further
adjustments [6].

Once section % was satisfactorily aligned to
section 8, this transformation. was saved and
section 10 was aligned to 9. Then section 11
was aligned to 10, and so on, until the end of
the series was reached. This process was
repeated for the lower half of the series, align-
ing 7 to B, 6 to 7, etc., until the entire set of 16
sections was aligned. The alignment was
completed in less than an hour. Both the

6 Microscory AND ANALYSIS ® JANUARY 2002

Fiue &

A soreen shat of the Gl Tace
softiware showng the confowrs
for e cufer dpreeny o Joney
ecl] membranes of e mic-
rhandion, Idoemanon  abaut
e hghiigted confou fsshed
ireen) i shawn A the stanss bar
at the hottorn of he g

unaligned and aligned series may be
downloaded from an online tutorial
(httpelfsynapses. buedwlabhowta/mito. htm),
along with the set of transformations that pro-
duced the final alignment,

VOLUME CALIBRATION

After alignment, the series of aligned sections
forms a reconstructed 3D volume representa-
tion of the original tissue block, But befare this
can be used for amalysis, the magnification fac-
tors of the dimensions of the volume must be
determined. The section images were cali-
brated by photographing and digitizing the
image of a diffraction grating replica with the
series. This calibration grid was combined with
the series (as section 0) and imported into our
tracing program (IGL Trace), By drawing cali-
bration lines on the grid, the dimensions in
pixels per micrometer of the secticns were
determined [4], Calibration of section thick-
ness was done by the method of oylindrical
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diameters [7], wherein the measured diameter
of a mitochondrion within a section was
divided by the number of sections in which it
appeared. Using this technigue on a super-set
of the example series, the mean section thick-
mess was determined to be 49 nm.

IDENMTIFICATION, TRACING AND
ANALYSIS

IGL Trace aids the user in producing polygonal
everlays on the aligned sections that define
the boundaries of abjects (Fig 2). Both interior
and exterior boundaries can be defined,
allowing the delineation of objects with holes
and indentations. These boundary contours
can be generated by manual tracing with the
mouse, or by an automatic tracing feature that
uses boundary growing from a user desig-
nated interior peint. By defining the contours
of an object on each section, the object’s shape
is described, The program can then report the
dimensions of the object, or generate a 3D
representation of the object.

For the mitachondrion, the boundaries of
the outer and inner membranes were traced
manually using the cursor (Fig 2). For images
that are mare binary, such as those obtained
with confocal fluorescent microscopy (Fig 3,
top), automatic tracing can be used success-
fully. For example, a 30 ym pollen grain was
imaged using the Neran OZ confocal micro-
scope. Z-spacing was selected to produce a sec-
tion thickness of 0.75 pm, resulting in 46 sec-
tions toimage the entire object. The gray-scale
intensity images were imported into 6L Trace,
The boundaries of the in-focus part of the
object in each section were cutlined using the
automatic tracing feature, with a section-by-
section manual adjustment of the intensity
threshald to compensate for uneven bleach-
ing during acquisition. The result is an excel-
lertt 30 representation of the pollen grain (Fig
3, bottom).

In addition to reconstruction work, 1GL Trace
is also useful for stereclogical studies in
aligned volumes [4]. Sampling frames and
other stereological grids [8] can be created as
contours and copied into each section on
which an analysis is to be performed. Profiles
can be marked with contours and counts of
these contours easily cbtained in a text report
file.

OBJECT RECONSTRUCTION
One of the more useful parts of the program
is the ability to directly generate a 30 repre-




sentation. 16L Trace generates 30 objects in
WRRL format to facilitate the viewing of these
objects with standard tools such as web
browsers. The type of 30 objects generated
include individual points or contour centroids,
cartour lines, planar slabs, and fully-surfaced
30 objects. The surfacing of 30 objects is
achisved by a Delaunay triangulation based
on the work of Boissannat [9]. This produces a
surface consisting of triangular surface
patches (Fig 4).

The tontours from IGL Trace can also be
exported to other programs through a variety
af fermats including Steve Young's HVEM for-
mat, universal contour file format, ROSS con-
tour file format, AutoCAD DXF and NUAGES
contowr format. These contours can then be
surfaced by external programs [10].

IMAGE RENDERING

The surfaced inner and outer membranes
were imported into 30 Studic MAX to pro-
duce a final image of the reconstructed mito-
chandrian. This program was used to smoath
the surface representations, add color and
transparency, and render a final image (Fig 5).
There are many advantages to using a com-
mercial 30 graphics program for final image
production. Not least of these are the endless
possibilites for showing off your hard-earned
data by generating dramatic images. As an
example, we reconstructed a segment of 2
spiny dendrite from the stratum radiatum of
hippocampal area CA1 using sEM Align and
IGL Trace. The final image (Fig &) was produced
in 30 Studic MAX by rendering the dendrite
over & light micrograph of Golgi-impregnated
dendrites,

CONCLUSIONS

Although itis commonly thought that the rare
fing-shaped profiles of mitochondria encoun-
tered in EM are sections through cup-shaped
structures [1], serial section EM with 3D recon-
struction clearly reveals that mitochondria
form closed toroids (Figs 4 and 5). Therefore,
the ring-shaped profiles seen in single sections
likely come fram doughnut-shaped mitochan-
dria. In this and many other studies, our
approach to serial section analysis and 3D
reconstruction has proven practical and cost-
effective. Planned improvements to the soft-
ware include the ability to montage and align
multiple images per section and enhance-
ments in the correction of complex distortions
such as folds.
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