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Abstract. Three-dimensional (3-D) tissue imaging offers
substantial benefits to a wide range of biomedical investi-
gations from cardiovascular biology, diabetes, Alzheimer’s
disease to cancer. Two-photon tissue cytometry is a novel
technique based on high-speed multiphoton microscopy
coupled with automated histological sectioning, which
can quantify tissue morphology and physiology through-
out entire organs with subcellular resolution. Furthermore,
two-photon tissue cytometry offers all the benefits of
fluorescence-based approaches including high specificity
and sensitivity and appropriateness for molecular imaging
of gene and protein expression. We use two-photon tissue
cytometry to image an entire mouse heart at subcellular
resolution to quantify the 3-D morphology of cardiac mi-
crovasculature and myocyte morphology spanning almost

five orders of magnitude in length scales. © 2007 society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2435626]
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1 Introduction

A central challenge facing biologists is to understand how the
genetic blueprint contained within an organism’s cells is de-
ployed in a three-dimensional (3-D) network over a tissue or
organ.1 Meeting this challenge, particularly in the context of
disease, involves integrating genetic and morphological infor-
mation over multiple length scales from the subcellular level
to entire organs and organism.” Currently, the gold standard in
analyzing tissues is histology. Despite its strengths, histology
is inherently a two-dimensional (2-D) technique, which does
not provide full 3-D structural information about a tissue, and
is typically limited to examining the morphology and organi-
zation of a relatively small population of cells, limiting the
statistical power of any measurement. Furthermore, it is often
prohibitively labor intensive, requiring the imaging of hun-
dreds to thousands of 2-D sections and successively aligning
them into a single 3-D image. We describe a new technique,
two-photon tissue cytometry, which images organs and tissues
with sufficient detail to reveal 3-D tissue and cell morphology
as well as underlying gene and protein expression patterns,
thus helping bridge the divide between the genotype and phe-
notype of an organ.

The choice of an appropriate imaging technology is critical
for the development of 3-D tissue image cytometry. Important
criteria include spatial resolution, sensitivity, depth penetra-
tion, molecular specificity, and data throughput. Many meth-
ods to image 3-D thick tissues have been developed, but most
of these techniques do not have subcellular resolution or the
necessary molecular sensitivity. While high-resolution mag-
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netic resonance imaging (MRI) is capable of imaging whole
animals, its resolution is limited® to 10 to 100 pum and it is
not compatible with common fluorescent markers. Optical im-
aging methods, in general, provide the highest resolution. Op-
tical coherence tomography has a few-micrometer level reso-
lution and a penetration depth of a few millimeters; however,
optical coherence tomography does not provide reliable sub-
cellular level imaging today.4 Optical projection tomography
is more compatible with molecular imaging and can study
fluorescent and nonfluorescently stained tissues up to approxi-
mately 15 mm.>® However it also does not possess sufficient
resolution to resolve details of individual cells and has diffi-
culty in imaging opaque tissues containing opaque materials
such as bone or cartilage. Selective plane illumination micros-
copy has demonstrated the ability to provide detailed images
of over a millimeter of relatively transparent samples such as
embryos” but has limitations with opaque samples. Common
3-D imaging techniques that possess subcellular resolution in-
clude surface imaging microscopy (SIM), confocal micros-
copy, and two-photon microscopy. SIM is a block face tech-
nique whose major strength is the isotropic resolution, which
can be obtained by careful tuning of the embedding medium.’
The fixation and embedding procedure is typically harsher on
the protein environment of the sample than standard histology
and may lead to greater distortions in the tissue morphology.
A promising additional block face technique recently intro-
duced employs scanning electron microscopy (SEM) imaging
and microtome sectioning to construct 3-D images, and has
demonstrated voxel sizes 10X 10X 50 nm. However, voxel
resident times are of the order of 16 ws, which would make it
impractical for imaging large tissue volumes. Fluorescence
confocal microscopy8 is capable of providing high-resolution
3-D images, but typically it is not practical to image beyond
50 um into a tissue sample due to scattering, and it can cause
significant photodamage to out-of-focus planes.

Among 3-D tissue optical imaging techniques, two-photon
microscopy (TPM) is particularly promising. TPM is a fluo-
rescent optical microscopy technique developed by Denk et
al.” It features submicrometer resolution, low phototoxicity,
excellent penetration depth, and inherent 3-D sectioning ca-
pability. The excellent depth penetration of TPM in tissues is
due to lower scattering and absorption of the infrared excita-
tion wavelength employed10 and the lack of the need for a
detection pinhole, enabling greater signal collection efficiency
than in confocal microscopy. In addition, like all
fluorescence-based techniques, it provides high molecular
specificity in mapping gene and protein expression profiles,
and has clearly demonstrated its utility for visualizing gene
activity in vivo with green fluorescent protein (GFP) over the
past decade.'’ Despite these strengths, traditional TPM cannot
be directly applied to organ level imaging due to three factors.
First, the depth penetration of TPM is still limited to a few
hundred micrometers for most tissue types, presenting a bar-
rier to imaging tissue or organs that have a substantive axial
extent. Second, the typical field of view of standard TPM has
a linear dimension of only a few hundred micrometers, insuf-
ficient for whole organ imaging. Third, standard TPM systems
have an image acquisition speed that is prohibitively slow for
imaging macroscopic 3-D tissues. A typical TPM system
would require approximately 60 days at a minimum to image
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a 5-mm cube of tissue at a resolution of 1 wm? and 10-us
pixel residence time.

2 Materials and Methods
2.1 Tissue Preparation

The heart tissue samples were prepared with an intravital la-
beling protocol followed by fixation and paraffin embedding.
The mice were first anesthetized with 0.4 ml anesthesia (7.5%
Nembutal, 18.5% ethyl alcohol, 74% saline solution) and then
injected with 50 uL of Hoechst 33342 (10 mg/ml, Molecular
Probes, Inc., H-3570) followed 5 min later with 50 ul. of
Alexa594 lectin ( 10 pg/ ul, Molecular Probes, Inc., 1-21411)
and allowed to circulate for 10 min followed by sacrifice of
the animal with a lethal dose of anesthesia. To label the
boundaries of the myocytes, the mouse was anesthetized as
already described and injected via a tail vein injection with
40 uL. of Texas Red maleimide (Molecular Probes Inc.,
T6008) solution (20 uL of saline mixed with 50 mM Texas
Red maleimide in DMEM). The animal was sacrificed with a
lethal dose of anesthesia after O to 15 min. The hearts were
then surgically removed and fixed in 4% paraformaldehyde
overnight and then dehydrated with successive 70, 90, and
100% ethanol solutions before paraffin embedding. The
sample was then mounted on the microscope and imaged.

2.2 Instrument

The experiments were performed on a video-rate two-photon
microscope using a scanning polygonal mirror. The instru-
ment is described in detail elsewhere.'? Briefly, the instrument
is based around a Zeiss (Axioscope, Zeiss Thornwood, New
York) microscope. The 780-nm laser light from a Ti-sapphire
laser (Mira 900, Coherent, Palo Alto, California) is directed
into the microscope by a rotating polygonal scanner (Lincoln
Laser, Phoenix, Arizona) and a galvanometer scanner (Cam-
bridge Technology, Watertown, Massachusetts). A Zeiss
25X PlanNeoFluar 0.8 numerical aperture (NA) objective fo-
cused the laser light onto the sample and directed the fluores-
cent signal to the emission path of the microscope. The pixel
residence time was approximately 0.7 us. Significantly
higher pixel residence times can be achieved with multifoci
systems, while still maintaining high frame rates. The emis-
sion optics consisted of a 530-nm dichroic (Chroma), which
split the fluorescence into two channels; a 525 lowpass filter
was used in the blue channel and a 600/50 bandpass filter for
the red channel. The detectors were two photomultiplier tubes
running in analog mode (R3896, Hamamatsu, Bridgewater,
New Jersey). The 3-D scanning was enabled by moving the
objective with respect to the sample using an objective piezo-
controller (P-721.00, Physik Instrument, Waldbronn, Ger-
many). To image areas larger than the field of view of the
objective and translate the sample after mechanical section-
ing, a robotic stage (H101, Prior Scientific, Rockland, Massa-
chusetts) was used. The same stage was used to translate the
sample from the objective to a home-built milling machine
that had been integrated into the microscope system to section
the tissue sample. The milling machine consisted of a 3/8-in.
mill bit driven by a dc motor rotating at 300 rpm. The trans-
lation speed was approximately 1 mm/s across the sample,
which was empirically arrived at to produce smooth [<2 um
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Fig. 1 Schematic of a multifoci multiphoton microscope. (a) A lenslet
array is used to produce an array of foci that are scanned across the
sample in a raster pattern. A dichroic mirror splits the fluorescence
into two separate channels (not shown) and a multianode photomul-
tiplier tube (PMT) is used in each channel to detect the fluorescence
from the foci. The inset image shows a fluorescent image of a fluores-
cein sample excited by the multifoci array. (b) An enlarged view of the
optical path of the excitation and emission light. Ti:Sap, titanium sap-
phire laser; T, telescope; MLA, microlens array; DCM 1, dichroic mir-
ror 1, DCM 2, dichroic mirror 2; GSM, galvanometric scanning mir-
ror; MA PMT, multianode PMT; ZP, z-piezo; OL, objective lens; TS,
tissue sample; M, motor; DH, microtome; TPB, two-photon barrier
filter.

root mean square (rms)] cuts at the surface of the sample
determined by TPM imaging. For the current application, the
sectioning depth was 45 um and the imaging depth was
60 um, enabling a 15-um axial registration overlap.

2.3 Image Processing

The images were visualized using the Amira 3.1 visualization
package (Mercury Computer Systems, San Diego, California).
The entire heart image was constructed by first applying a
normalization image to the individual 3-D images to account
for uneven sample illumination and axial intensity falloff. In-
corporating techniques to homogenize the sample illumina-
tion, such as the use of refractive beam shapers, will offer
significant advantages and reduce the necessity to postprocess
the data.”*'® A 3 X 3 X 3 median filter was applied to the data
to reduce shot noise, while still preserving the edge features.
The large heart image was constructed by downsampling the
individual cubes by a factor of 16 in the radial directions and
by a factor of 8 in the axial direction. Neighboring cubes were
overlapped by a constant offset given by the step size of the
robotic stage and an intensity averaging was performed in the
overlapped regions. The higher resolution images were con-
structed similarly but without the downsampling of the data.
The nuclei staining was a factor 10 to 15 brighter than the
weaker blue/green autofluorescence from the heart tissue, en-
abling a segmenting of the nuclei from the tissue by an inten-
sity thresholding.

3 Results
3.1 Construction of a Two-Photon Tissue Cytometer

A two-photon 3-D tissue image cytometer using multiphoton
excitation is presented in Fig. 1. To overcome the depth pen-
etration limitation of TPM in studying thicker specimens, we
integrated an automated microtome into a high-speed TPM
system. By alternating and overlapping optical sectioning
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with mechanical sectioning, it is possible to rapidly image
samples with arbitrary thickness. Once the upper portion of
the sample is imaged, the uppermost portion of the tissue
sample can be removed by the microtome. The depth of me-
chanical sectioning is chosen to be less than the imaged depth,
ensuring that the region of the sample that is subjected to
mechanical sectioning has been already imaged. An advantage
of our approach over block face techniques is that any distor-
tions that are introduced by the sectioning procedure do not
introduce artifacts in the reconstructed 3-D volume since the
cut plane is always preimaged. Further, imaging overlapping
regions between successive sections ensures accurate digital
registration between sections. To overcome the limitations in
data acquisition speed, we deployed two versions of high-
speed TPM. One version uses a high-speed polygonal
scanner,'? which is capable of imaging at 12 frames/s; a sec-
ond version uses multifoci excitation providing over 30
frames/s imaging speed with superior image SNR by incorpo-
rating parallel data acquisition.16 Both systems are capable of
obtaining submicrometer resolution in tissues. To image a
5-mm cubic sample at 1 wm?® sampling, the first system re-
quires approximately 80 h, whereas the second system re-
quires 5 h. To overcome the field of view limitations of the
objective, the robotic stage raster scans the sample, enabling a
larger image to be constructed from a series of overlapping
3-D volumes. After the section is removed with the microto-
ming procedure, the entire sample is translated toward the
objective. Unlike with serial section reconstruction, where
alignment of successive z sections is often ambiguous, the
integrated precision robotic stage ensures high reliability in
registering neighboring volumes both in the axial and radial
direction. Finally, note that the microscope system is entirely
automated and requires no user intervention once the sample
has been mounted.

An initial application of this technique focuses on cardiac
biology. The mammalian heart has four complex chambers on
the macroscopic scale and spiralling asymmetric morphology
with interlaced myocytes, fibroblasts, and microvasculature
on the microscopic scale. To accurately understand cardiac
function requires a detailed understanding of the 3-D spatial
arrangement of myocardial tissue at multiple length scales
simultaneously from submicrometer to centimeters. Subcellu-
lar features such as nuclei and sarcomere architecture have
features on the submicrometer level and single cardiomyocyte
cells are over 100 um long, thus requiring 3-D optical tech-
niques. A simple application of our technique is the study of
cardiac hypertrophy. Cardiac hypertrophy is a clinically im-
portant early step in the progression to heart failure, and hy-
pertrophy is usually studied by 2-D cross sections of the myo-
cardium. Typical myocytes have dimensions of the order of
10 to 20 wm in diameter and 100 wm in length. Therefore,
traditional histopathology cannot accurately quantify changes
in the 3-D morphology of the cardiomyocyte due to the diffi-
culty of estimating 3-D morphology from thin (~10 wm) 2-D
slices taken at random orientations with respect to the myo-
cyte axis. In contrast, 3-D morphology can be readily mea-
sured using our 3-D technique. Further, myocytes are packed
together into myocardial fibers that are arranged into spiral-
ling sheets, which are four to six myocytes thick."” These
sheets have dimensions of the order of hundreds of micro-
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meters and are loosely bound to neighboring sheets by col-
lagen fibers. In many forms of myocardial pathology, in-
creased collagen deposition is an important feature in the de-
velopment in the progression to heart failure. At an even
higher hierarchal level, the coronary vascular system extends
across the heart and is heterogeneous at all length scales. Re-
alistic modeling of the heart vasculature requires morphomet-
ric information about the microvasculature including capillary
diameter, 3-D branching angles, and connectivity. These pa-
rameters vary transmurally across the ventricular wall and are
important for modeling and understanding coronary blood
flow.

As a demonstration of whole organ imaging we imaged an
entire heart from a mouse with subcellular resolution. To im-
age subcellular structures and mesoscopic tissue structures,
intravital perfusion was performed: the cell nuclei of the heart
were labeled with Hoechst 33342 and the heart vasculature
was labeled with a lectin-Alexa 594 conjugate. In addition to
the specific labels, the intrinsic autofluorescence of the tissue
allows the identification of cellular morphological features of
the heart.

Figure 2 shows a digitally reconstructed image of an entire
mouse heart imaged from the individual 2-D sections. All the
major anatomical regions of the heart were easily identifiable.
The image was sampled at 0.78 um in the radial direction
and 2.0 um in the axial direction. These sampling values
were chosen as a compromise between the resolution neces-
sary to identify cellular nuclei and vasculature and the imag-
ing speed and data set size. The entire organ was approxi-
mately 6 mm in linear extent, thus the data set spanned
almost five orders of magnitude in length scale. In contrast,
previous high-resolution 3-D studies of hearts were limited to
selected regions‘lg’19

Our technique enables orthogonal slices from the heart to
be visualized with progressively higher magnification and in-
creasing levels of detail (Fig. 3). Morphology of individual
nuclei at micrometer scale can be quantified. The vasculature
throughout the 3-D volume of the heart can be readily traced.
Figure 4 displays a 3-D reconstruction of cubic portion of the
heart with dimensions of 0.5 mm. Based on emitted fluores-
cence spectra, we can isolate three different structures of the
heart: vasculature, nuclei, and extracellular matrix. Tissue au-
tofluorescence and Hoechst-33342-labeled nuclei were col-
lected by the blue channel. The intensity of the labeled nuclei
was much brighter than the weaker tissue autofluorescence,
and we were able to separate the two components based on an
intensity thresholding. The Alexa-594-labeled vasculature was
collected in the red channel. The 3-D spatial architecture of
the heart is clearly identifiable on both the microscopic and
macroscopic scales.

This technology can be applied to study cardiac hypertro-
phy by accurately quantifying the morphology of individual
myocytes. We developed an intravital labeling protocol that
labels the extracellular matrix and clearly defines boundaries
of individual myocytes. The intravital labeling protocol uses a
maleimide conjugate, which labels extracellular sulfhydryls;
the conjugate is excluded from the living cells. Figure 5 is
cross section of heart tissue with a single myocyte recon-
structed in three dimensions. This procedure makes it possible
to directly measure myocyte 3D morphology.
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4 Discussion

We demonstrated the 3-D imaging of an entire heart with
sufficient detail to capture intracellular features. The approach
we implemented is very general in its applicability and can be
used to extend almost any type of tissue studies previously
investigated with other 3-D fluorescence techniques. Many
questions in organ and tissue physiology can be investigated
in a more comprehensive and quantitative manner than was
practical previously using standard histopathology.

It is known that the tissue environment plays an important
role mediating many disease processes and these diseases can
be fully understood only if studied at the tissue level. For
instance, other techniques that focus on the spatial organiza-
tion of tissues, such as such as laser capture microdissection,21
have proven valuable in uncovering the expression profiles of
selected neoplastic cells and spatially distinct cells near the
tumor periphery, which mediate the growth of a tumor.”> The
biologically important changes in the gene expression profiles
would remain hidden if the bulk properties of the heteroge-
neous tissue were sampled or if the cells had been studied
under in vitro conditions. Similarly, two-photon tissue cytom-
etry will be useful for understanding how an organism’s ge-
netic makeup is spatially manifested at the highly relevant
3-D tissue level.

A key strength of two-photon tissue cytometry is subcellu-
lar resolution. Cancer, cell cycle dynamics, apoptosis, and in-
tracellular protein or drug localization are only a few ex-
amples of processes that require information about cell size,
shape, and intracellular features, and thus require micrometer-
level resolution. Assays involving DNA ploidy analysis, tu-
mor vascularization, and hepatotoxicity will benefit im-
mensely from the subcellular resolution and morphology
information that two-photon tissue cytometry (TPTC) pro-
vides. Furthermore, processes involving the extracellular ma-
trix, including fibrosis and angiogenesis, require sufficient
resolution to quantify extracellular components such as col-
lagen, elastin, and the vasculature.

Our present approach couples an integrated micromilling
machine to physically remove material from the sample. This
can be useful for investigations into very hard materials such
as bone, where previous results with confocal microscopy
have been promising,B’27 and that potentially may be im-
proved with multiphoton microscopy. Also, it is not necessary
to embed the fixed tissue into paraffin for mechanical stability
using a milling approach. Other sectioning methods such as
standard fixed blade microtomy or vibrating blade for unfixed
or soft materials can also be used. All optical histology is an
elegant technique based on laser ablation that has been devel-
oped for deep 3-D tissue imaging.28 This method is inherently
slower for sectioning and may not lend itself as well to high-
speed data acquisition of large 3-D tissue data sets as me-
chanical sectioning. However, laser ablation introduces less
mechanical deformations into the sample, which can affect the
image quality in techniques such as surface image micros-
copy. We sidestep these distortion issues by preimaging the
cut surface. Finally, however, nondestructive methods are
preferable to destructive methods and our technique is com-
patible with preservation of tissue sections after imaging us-
ing retrieval of selected slices with standard microtome or
vibratome sectioning methods or automated approaches. More
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Fig. 2 Isosurface and volume rendering showing a mouse heart at different axial positions reconstructed digitally from a 3-D image. The right and
left ventricular chambers can be seen in the figure as well as the descending aortic arch and left atrium. The heart was fixed in 4% paraformal-
dehyde and embedded in paraffin and mounted on the two-photon tissue image cytometer. The scale bar in the figure is 2 mm.

Fig. 3 (a) Three-dimensional axial, coronal, and sagittal orthoslices through the entire heart. The horizontal plane is shown in (b) and successive
maghnifications of the inner ventricular wall are shown in (c) and (d). We can see that the microvasculature and cardiomyocyte orientation follow
the known spiralling architecture of the ventricular wall. The scale bars in the figure are T mm, 200 um, and 20 um (b), (c), and (d), respectively.
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Fig. 4 (a) Three-dimensional section of the tissue is enlarged from the apical end of the left ventricle wall; (b) autofluorescence from the heart
tissue, the labeled nuclei and vasculature were visualized based on spectroscopic and intensity segmentation, where the scale bar is 100 um; (c)
autofluorescence of the myocardium reveals laminar sheets and the cleavage planes were visible as have been noted by other researchers®’; (d) the
morphology of the 3-D microvasculature; (e) nuclei from the myocytes, fibroblasts, and endothelial cells lining the vasculature; and (f) a 30-um
section removed from the region outlined in yellow in (b) to better show the tissue constituents; the arrow indicates the space between successive
cleavage planes.
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Fig. 5 (a) Mouse myocardium intravitally labeled with a maleimide conjugated with Texas Red to covalently label extracellular sulfhydryls; (b) the
maleimide conjugate is excluded from living cells, enabling clear delineation (purple surface) of myocyte morphology. The scale bar in (a) is

25 pm.

detailed analysis by various physical and biochemical tech-
niques can then be performed on the saved sections, or alter-
natively, the slices can be archived for additional studies at
later dates.

The choice of an appropriate image resolution is deter-
mined by the biological application, with the lower boundary
set by the optical diffraction limit of approximately 300 nm in
the radial direction and 600 nm in the axial direction. There
exists a trade-off between the level of detail required and the
imaging time and data set size. Increasing the sampling rate
by a factor of two in each dimension increases the total data
set size and imaging time by approximately a factor of eight.
Note that it is not necessary to uniformly image the sample at
the same resolution throughout, and higher resolutions can be
used for regions of interest requiring more detail. This can be
done either interactively as the data is required or resampled
postcapture.

To realize the full potential of tissue cytometry, significant
computational resources will be required to aid the archival,
data mining, quantification, and modeling of TPTC data sets.
The data presented in this paper were acquired with two chan-
nel 16-bit imaging and was 0.9 Tbytes in size without com-
pression. Lossless compression reduced this by a factor of 7,
and lossy compression systems such as the JPEG 2000 stan-
dard currently employed in some medical image applications
have realized a factor of 20 in reduction of data set size while
maintaining acceptable quality for many medical applications.
Furthermore, raw data storage costs have been declining 50 to
60% per year since 1997 and will continue for several more
years at least with a terabyte of raw storage cost projected to
drop below $50/Tbyte in 2009 based on current trends.” The
steep decline in storage costs and lossless or high-quality
lossy compression facilitates the storage of multiple copies of
the same data set at different scales to speed data access. We
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do not anticipate storage requirements to be a limiting factor.
On the computational side, many of the analyses appropriate
for organ-level data sets lend themselves well to paralleliza-
tion across multiple processors and subsequent computational
increases, and fundamental algorithms can be speeded by
hardware implementation. Furthermore, database systems
such as SQL and Oracle routinely manage data sets hundreds
of gigabytes to terabytes and can be leveraged for the analysis
of tissue data sets. In addition, hierarchal data analysis ap-
proaches, where regions of interest are selected from larger,
lower resolution images and more detailed analyses applied as
appropriate, can also introduce substantial decreases in analy-
sis time. We foresee the major challenge being the develop-
ment of appropriate 3-D segmentation, analysis, cytometric,
and data mining algorithms to analyze the data sets to gener-
ate biologically relevant results. The ready availability of
high-resolution 3-D data sets of macroscopic tissues will fa-
cilitate work in this area.

A major attraction of flow and image cytometry is the abil-
ity to categorize rare subpopulations. Assuming an average
cell diameter of 20 um, a cubic centimeter of tissue will con-
tain approximately 1 X 108 cells. Identifying single cells from
similarly sized populations have been shown in traditional
cytometry. Achieving the same performance with tissue cy-
tometry depends on three factors: accurate 3-D segmentation
algorithms, labeling protocols with high specificity and even
distribution, and adequate computational resources to process
the 3-D data sets. Currently, 2-D segmentation algorithms are
more mature than 3-D algorithms, but this is rapidly chang-
ing. Confocal and multiphoton microscopy, MRI, positron
emission tomography (PET), and computed tomography (CT)
are undergoing major development, and significant resources
are being devoted to 3-D segmentation. There are no funda-
mental barriers facing 3-D segmentation and many algorithms
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are being generalized from the 2-D case. Tissue labeling is
also experiencing rapid progress. Transgenic animals trans-
fected with fluorescent proteins can provide very specific
markers of biological function, and new tissue labeling proto-
cols are being actively developed to help study disease in
animal models. We have found intravital labeling superior to
labeling the tissue in solution as the vasculature aids even
distribution. In the previous section, we discussed computa-
tional issues, and noted that hierarchal segmentation ap-
proaches can help identify rare subpopulations by examining
low-resolution images for unique spectral signatures, fol-
lowed by more detailed high-resolution algorithms. In gen-
eral, tissue cytometry should achieve results comparable to
those seen in flow and image cytometry in identifying rare
populations, possibly even a single cell throughout an organ.

5 Conclusions

We developed a fast, automated method that can generate sub-
micrometer 3-D images of macroscopic tissues and organs
and identify unique cells in larger populations as well as re-
veal information about the biochemical state of the organ. Our
initial application is in cardiac biology, but we foresee a broad
range of applications in other fields, including tissue engineer-
ing, stem cell biology, angiogenesis, and cancer biology. The
development of macroscopic engineered tissues requires the
formation of a vasculature at both the mesoscopic and micro-
scopic scales to ensure viability. Detailed evaluation of the
formation of 3-D microvasculature over the extent of the tis-
sue is possible with this technique. Another promising appli-
cation area is cancer biology. Cancer metastatic studies are
hindered by the difficulty of locating rare metastatic cells
within a bulk organ. Multiphoton 3-D imaging has already
proven useful in visualizing metastatic cell arrangement with
respect to the surrounding vasculature and tissue stroma,**!
Our technique can be used to extend these types of studies on
an organwide basis and provide additional information about
rare metastatic events hidden within the bulk tissue. Addi-
tional applications include investigating tissue homeostasis
and repair by mapping stem cell distribution throughout entire
organs,”” the production of apoptotic maps to better under-
stand disease processes and apoptotic therapies, physiome
initiatives,” high-resolution 3-D mapping of gene expression
in whole mount emblryos,34 and any area where highly de-
tailed 3-D histological and molecular measurements are re-
quired over macroscopic samples. Industrial applications in-
clude drug development, where the use of highly
physiologically relevant tissue studies is currently hampered
by the lack of high-throughput tissue imaging techniques.
TPTC will be a significant advance in correlating tissue physi-
ology with the underlying biochemical state and morphology
of an organ and will open many new research avenues.
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