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Microscopic imaging of extended tissue volumes
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Summary pathologically changed gan systems at dftrent
o ) _ developmental stages. Extended morphometric databases of
1. Detailed information about 3D structure isykD  this kind are required to characterize more fully the
understanding biological function _ _ structural changes associated with various dysfunctional
2. Confocal laser microscgrhas made it possible 10 giates and to support the computer models that are
reconstruct 3D @enization with equisite resolution at increasingly being used to  integratexperimental

cellular and subcellularvels _ information at cell, tissue andgan levds.
3. There hae keen fev attempts to acquire lge

image volumes using the confocal laser scanninganual techniquefor acquiring extended confocal
microscope. microscope images of biological samples
4. We have previously used manual techniques to

construct extended volumes (eml mm in etent, at In the remainder of this section, we summarize
1.5um voxel size) of myocardial tissue. ongoing research at the Waisity of Auckland which is

5. We ae nav devdoping equipment and fdient directed twvard the deelopment of efficient methods for
automated methods for acquiringtended morphometric acquiring extended morphometric databases using confocal

databases using confocal laser scanning micrgscop laser microscop The work flows from initial studies in
which high-resolution volume images were assembled of
Introduction myogyte arrangement and conneetiissue oganization

o ) ~across the heart all. Transmural segments (8Q@n x

The association between form and function IS 8oopum x 4.5 mm)were cut from the leftantricle free \all
centrfal principle of the blologlcal_ sciences and one that hgg ot hearts, previously perfused with Bosislution for
contrituted to the growth of the field/er mary years. The fiyation and then with the dye picrosirius red which binds
linkage is probably more important today thaérebefore. non-sterically to collagén The specimen was dgtirated
It is widely accepted that detailed information about threggiin 5 graded series of alcohols, embedded in epoxy resin
dimensional (3D) structure is e © understanding anqg the upper swaée of the block was then planed flat
biological function from molecule to gan and with the ging an ultramicrotomeA motorized stage was used to
development of n& imaging modalities there has been aRgnrol the horizontal position of the specimen and
explosion in the quality andolume of data that can be contigyous z-series image stacks were acquired fetetit
acquired at each these scalé3x instance, the confocal x-y locations. In this \ay, an etended volume image a8
laser microscope has made it possible to reconstruct thrﬁ%‘nerated wer the upper surface of the transmural
dimensional aganization with exquisite resolution at specimen to a depth of aroundu®® Theblock was then
cellular and subcellularvels. Morewer, using the array of amoed from the microscope and mounted in an
immuno-histochemical techniqueswavailable, it is also | iiramicrotome where the upper |50 was remeed. The
possible to probe the link between structure and fU”Cti%ecimen was then returned to the microscope and/the c
directly, for instance by quantifying the co-location ofof imaging and trimming as completed sequentially until
labelled proteins such as gap junctions or receptors Wil complete volume a8 imaged. Painstaking alignment of
other anatomic structures. o the upper sudce of the tissue block in both the microtome

For the most part, confocal imaging has not beegnq the confocal microscope was required at each stage in
used to reconstruct 3D tissuegarization in a systematic iyig process to ensure that imaggistation was, as far as
_fashion and there ka keen fev attempt_s to acquire _Ige ossible, preserved (See Figures 1 and Bioreover,
image volumes as has been done with MRI or micro-C{rther post-hoc spatial transformation of image sub-
This reflects the physical constraints on the technologyoymes vas still required to optimize registration when
Acquisition rates are limited by the sensty of assembling the complete image volume.
photodetectors and the need to scan points sequentially Digital reslicing, sgmentation and volume rendering
throughout the tissue volume, while the dimensions that c{hthods can be applied to the resulting volumes toigeo
be imaged are set by theorking field of the microscope gyantitatve sructural data about the 3D ganization of
objectve ad critically, with respect to Z direction, by pnyoqtes, extracellular collagen matrix and theseular
absorptio_n and scat_tering of light in the tissueestigated. | arwork. These data ka rot previously beenwailable and
That said, there is a clear need for databases thalyide a peverful basis for further analysis of function.
incorporate structural information across the scalgsy example, it is a relately trivial matter to quantify the
addressed by confocal microsgopfor normal and ansmural ariation of perimysial collagen once it has been
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endocardium

Figure 1. Obligue view of extended volume image from left ventricle of rat heart obtained using confocal microscopy.
Note the laminar organization and collagen (white) interconnecting layers of myocytes. The epicardial collagen weave is
clearly seen along with cleavage planes between myocardial layers. (From 1, with permission from the Royal Microscopi-

cal Society).

Figure 2. Image dlice from left ventriclar midwall of rat
heart (800 x 800 um) illustrating laminar organization of
myocytes. Plane of optical section is perpendicular to
myocyte axis. Red dots are perimysial collagen cords run-
ning parallel to myocyte axis.

segmented out of an extended volume image asvsha

distribution of collagen and detailed information about the
time-course of these changes is necessary to better
understand the disease processeeslhied. It follows that
extended volume imaging provides a pa#lyw for
systematic acquisition of such dath.can also be used for
the deelopment of computer models, which neakt
possible to examine thefefts of myocardial structure on
the function of the heartFor instance, we h& exracted
the 3D arrangement of cleage planes and mygte
orientation from an )¢ended volume image of rat left
ventricular myocardium (3.8mmx 0.8mm x 0.8mm at
1.5um pixel size, 0.7210° voxels).

This application illustrates well the utility of being
able to @ther detailed microscopic informationveo
extended wlumes. Themyocardial layers and cleage
planes are defined by conngetiissue and myodes
interconnections that are visible atvdls of a fev
micrometers and it is details of these structures that are
needed to define the local electrical and mechanical
properties of the laminar myocardiumHowever, the
clearage planes can extend fordwo three millimetres.In
order to fully describe the structure and associated material
properties, for instance whenva®oping a computer model
of myocardium it is necessary toveainformation across a
wide scale range, the system wevéhakvdoped proides
the tools to acquire this informatioMhe extendedalume
image of rat myocardium has been incorporated into a
structurally detailed, finite element model oéntricular
myocardium that has been used to study the influence of

Figure 3b The heart wll remodelling associated with man discontinuous myocyte ganization on the propagation of
types of cardiac diseasevives changes in thexent and €lectrical acifation in the heat
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Figure 3. Reconstructed subvolumes (800 x 800 x 100 um). In the upper panel collagen is segmented and rendered (a)
with and (b) without background due to myocytes. In the lower panel venous sinuses are segmented and rendered, (c) with,
and, (d), without background. (From 1, with permission from the Royal Microscopical Society).

Development of automated techniques for acquiring (Dell P4, 1.8GHz, 1GB RAM, WWdows 2000) using
extended volume images custom softare written using the LabVIEW
o ) programming languageA single user interface has been
Unfortunately acquisition of an imagealume such ge/eloped that enables image acquisition and milling to be
as that presgnted in Figure 1 requires weeks of painstakifightrolled interactiely or automatically and allows the
work and this precludes the use of the manual approagRerator to process, reconstruct and visualize the image
outlined abwe for systematic morphometric analysiBor  \glymes. Theflexible user interface provides the ability to
this reason, we are wodevdoping an automated systemimage chosen sub-volumes at high resolutiart, glacing

that pravides for computer controlled confocal imaging angnem within the contd of a large volume imaged atwer
milling of embedded tissue samplegioextended wlumes. | agolution.

The system consists of (i) a confocal microscope (Leica  prejiminary studies carried out with cardiac tissue
TCS 4D) with a Kr/Ar laser (Omnichrome) (i) @nable  gpecimens demonstrate that the system has the capacity to
speed Ultramill (Leica) which cuts tqufh over a MM aequire 62.5 million exels per houreach aeraged wer 8

path using diamond or tungsten carbide tips, and (iil) &ans. This means that a fully-registered Emimage
three-axis translation stage (Aerotech) with xyzveneent \olume can be acquired aurh resolution (18 voxels) with

of 1000, 200 and 75mm, respeely at 100nm step Size. gx ayaaging, in 16 hours. This is a more than ten fold
The stage controls the positioning of specimens for Imagifihprovement with respect to our initial manual approach
and milling (See Figure 4).Microscope and mill are g4q further more modest imp@nent is seen to be
supported abee the translation stage using rigid mou“tingpossible with optimization of scanning and signal
systems designed to facilitate alignment of imaging ar}&quisition protocols.

cutting planes.The system is mo_unted on an anti-yibration The imaging rig is currently being used in a series of
table (Nevport). Z-stackvolume images are acquired for gitferent projects including a longitudinal study of cardiac
overlapping x-y areas that ver the region of interest. The remodelling in spontaneouslyjpertensie rats throughout
imaged volume is then milled foland the process is {he course of their progress to heaiture and an analysis
repeated. A major adwtage of this method is thatyf the 3D oganization of renal tubules and blood vessels in
alignment of the sample elements is maintained thrOUQh%phron sgments. Rrticular emphasis is beingven to

the imaging and milling operations, thereby preservingyending the range of embedding and staining techniques

spatial registration and making reconstruction of th&nat can be used with this automated volume imaging
complete volume image easier and faster. system.

The system is controlled using a dedicated computer
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Confocal microscope

Precision

~~um miller

Automated 3-axis stage

Figure 4. The automated confocal imaging rig. The schematic indicates the arrangement of the confocal microscope, the
ultramill and the three-axis trandation stage. The inset photograph shows all three components and the anti-vibration
table on which they are mounted.
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