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1 Introduction

Abstract. The practice of clinical cytology relies on bright-field mi-
croscopy using absorption dyes like hematoxylin and eosin in the
transmission mode, while the practice of research microscopy relies
on fluorescence microscopy in the epi-illumination mode. The optical
projection tomography microscope is an optical microscope that can
generate 3-D images of single cells with isometric high resolution
both in absorption and fluorescence mode. Although the depth of
field of the microscope objective is in the submicron range, it can be
extended by scanning the objective’s focal plane. The extended depth
of field image is similar to a projection in a conventional x-ray com-
puted tomography. Cells suspended in optical gel flow through a
custom-designed microcapillary. Multiple pseudoprojection images
are taken by rotating the microcapillary. After these pseudoprojection
images are further aligned, computed tomography methods are ap-
plied to create 3-D reconstruction. 3-D reconstructed images of single
cells are shown in both absorption and fluorescence mode. Fluores-
cence spatial resolution is measured at 0.35 um in both axial and
lateral dimensions. Since fluorescence and absorption images are
taken in two different rotations, mechanical error may cause misalign-
ment of 3-D images. This mechanical error is estimated to be within

the resolution of the system. © 2009 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.3275470]
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(STED).” The powerful key to these high resolution micro-
scopes is the imaged fluorescent dye itself.® However, these

3-D imaging is in increasing demand in current biological
research. The 3-D images are usually acquired by taking a
series of 2-D images along the optical axis. However, reso-
lution is always poorer along the optical axis than along the
transversal axis because of the wave-like nature of light and
limited numerical aperture (NA) of the objective lens. Confo-
cal laser scanning microscopy is one of the most widely used
techniques to improve axial resolution to observe 3-D struc-
tures in cells. Optical sectioning by confocal microscope is
achieved using a small pinhole to exclude the out-of-focus
light. However, the resolution is anisotropic, since the reso-
lution along the optical axis is degraded roughly three-fold
relative to the transverse resolution.' There are also other so-
phisticated techniques being developed to improve the reso-
lution, such as interference and structured illumination
methods,”™ and stimulated emission depletion microscopy
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new techniques in high resolution fluorescence microscopy
are not accessible for the current needs of cytopathologists,
who rely on absorption-based stains. The cytopathologists
currently make diagnoses based on a series of 2-D images
acquired by a wide-field microscope.

Optical projection tomography has demonstrated 3-D im-
ages of large multicellular specimens such as embryos using
low NA optics.” The optical projection tomography micro-
scope (OPTM) is a newly developed instrument that can pro-
vide 3-D images of single cells with isometric high resolution
both in fluorescence and absorption modes.*’ Although the
depth of field of high NA objective lenses is small, we can
scan the focal plane of the objective axially through the cell to
acquire a focus-invariant image over a range many times
greater than the depth of field.® We refer to this focus-
invariant image as a “pseudoprojection.” A custom microcap-
illary tube-based rotation stage allows a full 360 deg view of
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the sample. Pseudoprojection images are taken from different
perspectives by rotating the samples. After the acquisition of
all pseudoprojection images, 3-D reconstruction is computed
by using filtered backprojection, the standard method from
x-ray computed tomography (CT).

A recent study shows that automated cell classification
based on OPTM 3-D images provides advantages relative to
classification performance based on 2-D images.10 3-D images
can provide a dimension of depth, e.g., lines in 2-D images
become surfaces in 3-D images, which can lead to additional
3-D features not available in 2-D. Features are unambiguously
observed in 3-D images, since 3-D images are free of influ-
ence of orientation and focal plane selection. In single per-
spective images, optically dense parts can interfere with im-
aging of other parts further from the objective. This problem
is minimized in OPTM, since the sample is viewed from dif-
ferent perspectives. In slide-based conventional microscopy,
samples adhere to a flat glass slide, which can introduce mor-
phological distortions. In OPTM, the samples are suspended
in gel, so their original shapes can be conserved. Possibly due
to these features of the OPTM, the resulting 3-D images of
single cells provided by OPTM offer a three-fold reduction in
false negative rate for adenocarcinoma detection versus 2-D
images with the same high speciﬁcity.10

Biomarkers offer potential for early cancer diagnosis. Most
biomarkers are observed under fluorescence microscopy.
Since OPTM can image samples in both absorption and fluo-
rescence modes, the biomarker pattern and the morphological
structure in 3-D can be obtained with isometric high reso-
Iution for the same sample. The quantitative information of
the biomarker, such as the concentration and distribution in-
side the cell, will add more features to the cancer diagnosis,
which will consequently improve the sensitivity of the early
cancer diagnosis. At the same time, the gold standards pro-
vided by the morphological features can validate the potential
of new biomarkers for the diagnosis, since the cytopatholo-
gists have built a knowledge base for disease diagnosis based
on more than 100 years of absorption images correlated to
clinical outcomes.

In this work, the instrumentation and major components of
a dual-modal microscope are described. Preliminary images
of sample cells demonstrate that the 3-D images of absorption
in transmission and fluorescence in epi-illumination are in
coregistration.

2  Methods
2.1 Optical Design

The schematic of the OPTM is shown in Fig. 1. The sample
stage is a custom-designed microcapillary tube-based rotation
stage. The inner diameter of the microcapillary is 50 um. It
rotates in an oil-filled space between two flat, parallel glass
surfaces (the two glass plates are not shown in Fig. 1). The
cells are mixed with optical gel and injected into the micro-
capillary by a syringe. The optical gel, immersion oil, two
glass plates, and the microcapillary have the same refractive
index in the wavelength range used in this experiment. A high
numerical aperture objective lens (100X, NA 1.3) is seated on
a piezoelectric transducer (PZT) positioner. The PZT posi-
tioner (NV40/1CL, Piezosystem Jena, Jena, Germany) drives
the objective to axially scan to get the pseudoprojection im-
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Fig. 1 Schematic of the optical projection tomography microscope.

ages. An 8-Hz triangular wave voltage is applied to PZT.
Scanning range is adjusted for each sample to cover the entire
sample during scanning. The scanning ranges used in this
work for A549 cells and muntjac cells are 12 and 25 um. 500
pseudoprojection images are taken at uniform angular inter-
vals (0.72 deg) during one full rotation for both absorption
(first rotation) and fluorescence (second rotation) for the same
sample. One full rotation takes about one minute. OPTM can
image in both fluorescence and absorption modes using the
same objective. A mercury arc lamp provides epi-illumination
for the fluorescence mode and a quartz-tungsten-halogen
(QTH) lamp provides transmission illumination for the ab-
sorption mode. A bandpass filter (D585/60X, Chroma, Ve-
mont) is put in the transmission illumination path to limit the
wavelength around 600 nm. Hematoxylin dye has an absorp-
tion peak near 600 nm, so this filter can improve the image
contrast for hematoxylin-stained cells. At the same time, this
filter can prevent unnecessary photobleaching during imaging
in the absorption mode, because the filtered light is beyond
the excitation wavelength of the fluorophores used in this ex-
periment.

2.2 Image Processing

500 pseudoprojection images were taken for each sample in
absorption mode as well as in fluorescence mode. Because
vibrations can cause the misalignment of the pseudoprojection
images, the center of mass of each pseudoprojection is iden-
tified and aligned to correct for registration errors. Pho-
tobleaching can diminish the amount of fluorescent signal in
fluorescence mode. The optical density signal inside the
sample can be described as the “mass” of the sample. The
mass corresponds to the total number of fluorescence emitters
in the sample. The principle of mass conservation is adapted
here to correct for this error. Figure 2(b) shows a fluorescently
labeled chromosome. Figures 2(a) and 2(c) plot the intensity
profiles of the two orthogonal projections of the object. The
area beneath the curve in Figs. 2(a) and 2(c) corresponds to
the total signal (mass) of the object in Fig. 2(b). Although the
shapes of the curves are different, the area beneath the curves
should be the same according to the principle of mass conser-
vation. In OPTM, the sum of intensities in each pseudoprojec-
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Fig. 2 (a) and (c) show the intensity profile as image (b) is projected onto two orthogonal directions.

tion should be the same if there is no photobleaching, since it
corresponds to the total signal of the sample. Here, we assume
that the photobleaching rate of fluorophores was uniform spa-
tially throughout the volume. Based on this, the sum of the
intensities in the first pseudoprojection is calculated. Correc-
tion factors for the following pseudoprojection images are ob-
tained by normalizing the subsequent pseudoprojection im-
ages to this initial pseudoprojection value. After corrections
are applied to all pseudoprojections, filtered backprojection is
applied for the tomographic reconstruction.'’ The resulting
reconstructed slices are imported into the VolView visualiza-
tion utility (Kitware Incorporated, New York). In VolView, a
crosssection is cropped from whole 3-D images. Opacity
mapping is done to map the histogram to opacity. Two thresh-
olds are found: one to separate the background from the cell,
the other to separate the cytoplasm from the chromosome.
Opacity of the background is set to zero. The part that has a
grayscale value larger than the second threshold is considered
the chromosome. Opacity of the chromosome is set to 1 and
this part is also colored. The opacity of the cytoplasm is set to
a value between 0 and 1.

2.3 Sample Preparation

Female Indian muntjac cells were a gift of Schultz (Signature
Genomic Laboratories, Spokane, Washington). Muntjac cells
were treated with colchicine (D1925, Sigma, Saint Louis,
Missouri) to arrest cells in metaphase. Acetic acid methanol
(1:3) was used to fix muntjac cells. The muntjac cells are first
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stained with hematoxylin (Gill’s hematoxylin Number 1,
Electron Microscopy Sciences, Hatfield, Pennsylvania). Then
after washing in HEPES buffer, the cells are incubated in
Sytox Green solution (1/5000 dilution from stock, stock con-
centration: 5 mM, Invitrogen, Carlsbad, California). Cells
were then washed again in HEPES, dehydrated in alcohols,
cleared in xylene, and embedded in optical gel for imaging.
For coregistration measurement, cultured adenocarcinoma
cells (A549) are used. Cells are first fixed in 4% formalde-
hyde, then stained with hematoxylin (Gill’s hematoxylin
Number 1, Electron Microscopy Sciences, Hatfield, Pennsyl-
vania).

3 Results
3.1 Tomographic Simulation for Point Object

We simulated the image of a point object in both a bright-field
microscope and OPTM to demonstrate how OPTM improves
the resolution along the optical (axial) axis. The 3-D image of
the point object in a bright-field microscope is simply the
point spread function (PSF) of the objective.'> Objective
specifications used in the simulation are the same as in the
experiments: 100X, NA 1.3, and refractive index of immer-
sion oil: 1.516. The pseudoprojection image for OPTM is cal-
culated as the projection of the PSF for bright-field micro-
scopes along the optical axis. Then the reconstructed images
of the point object are calculated using these pseudoprojection
images. Figure 3(a) shows the axial section of the PSF in
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Fig. 3 (a) Image of point object in the axial section in a bright-field
microscope calculated for objective, T00X/NA 1.3. (b) Image of point
object in the axial section in OPTM.

bright field. We can see that the axial resolution is poorer than
the lateral resolution. Since OPTM can use the lateral reso-
lution from one view to compensate for the poor axial reso-
lution from another view, isometric high resolution can be
obtained. Figure 3(b) shows the axial section of PSF in
OPTM. By comparing Figs. 3(a) and 3(b), we can see that
OPTM can provide isometric resolution along all axes.

3.2 Experimentally Measured Point Spread Function
of an Optical Projection Tomography Microscope

Fluorescent microspheres (TransFluoSpheres, Invitrogen,
Carlsbad, California) are used here to measure the point
spread function. The excitation maximum is 488 nm, and the
emission maximum is 560 nm. The mean diameter of the mi-
crospheres is 100 nm. The reconstructed images are interpo-
lated to make the images look smooth. Figure 4(a) shows the
axial section of the PSF. The axial direction is parallel to the
optical axis of the objective. The normalized intensity profiles
along lateral and axial directions are shown in Figs. 4(b) and
4(c). Full width at halfmaximum (FWHM) is considered as
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Fig. 4 Fluorescence microsphere with a diameter of 100 nm was im-
aged using 488-nm excitation. Since the size of the microsphere is
well below the resolution, the reconstructed image of the microsphere
is used as a measure of point spread function: (a) Axial section of
point spread function; (b) normalized intensity profile along the lat-
eral direction; and (c) normalized intensity profile along the axial
direction.
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a

Fig. 5 Pseudoprojection images of one cell (female Indian muntjac
cell arrested in metaphase) in (a) absorption mode and (b) fluores-
cence mode.

the spatial resolution along each axis. The resulting lateral and
axial resolution measured from the reconstructed images are
both 0.35 um.

3.3 Imaging of Biological Samples

Female Indian muntjac cells were treated with colchicine to
arrest cells in metaphase to make the six large chromosomes
visible. Then cells are then stained with hematoxylin (absorp-
tion stain) and Sytox Green (fluorescence stain). Figure 5(a)
shows one pseudoprojection image in absorption mode; Fig.
5(b) shows one pseudoprojection image in fluorescence mode.

3-D reconstructed images from both absorption and fluo-
rescence modes for the same cell are shown in Video 1. Two
snapshot images from two different perspectives are displayed
in Fig. 6. The female Indian muntjac cell has six large chro-
mosomes, which can be easily distinguished in the recon-
structed images in both imaging modes in 3-D.

4 Discussion

In this study, 3-D images of the same dual-labeled cell with
high isometric resolution in both absorption and fluorescence
modes are shown. In the experiment, absorption
pseudoprojection images are taken in the first rotation, and
fluorescence pseudoprojection images are taken in subsequent
rotation. Mechanical error can cause the misalignment of the
two datasets. To verify the coregistration between the two
pseudoprojection sets, we use the phase correlation method"?
to find the matching images in both modes. Each time, we

Muntjac Cell

Absorption Mode
Hematoxylin Stain

Fluorescence Mode
Sytox Green Stain

Video 1 3-D reconstructed images of a muntjac cell that is arrested in
metaphase are shown (QuickTime, 909.54 KB).
[URL: http://dx.doi.org/10.1117/1.3275470.1].
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Fig. 6 3-D reconstruction of a female Indian muntjac cell that is ar-
rested in metaphase. Left is the fluorescence image, right is the ab-
sorption image.

take one pseudoprojection from the fluorescence mode, then
calculate the phase correlation function between this image
and each of the images from the absorption mode. The image
in the absorption mode that gives the highest peak is consid-
ered the best matching image. The best matching images and
the corresponding fluorescence images are plotted in Fig. 7.
The blue curve is the original data and the red curve is the
best-fit line. The slope of the line is 1, which implies that we
have good matching between the fluorescence and absorption
data. To quantitatively measure the coregistration error be-
tween the 3-D reconstructed images from two different rota-
tions, two 3-D reconstructed images of the same cell are com-
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Fig. 7 Phase correlation method is used to find the best-matching

images in absorption pseudoprojections for each image in the fluores-
cence pseudoprojections. (Color online only.)
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3D correlation coefficients between trial #1 and trial #2-5 for each cell
Trial No.
Cell #1 Cell #2 Cell #3 Cell #4
1
2 0.9998 0.9997 0.9996 0.9991
3 0.9994 0.9993 0.9992 0.9980
4 0.9996 0.9990 0.9996 0.9988
5 0.9993 0.9984 0.9991 0.9978
Mean 0.9995 0.9991 0.9994 0.9984
Standard 0.0002 0.0005 0.0003 0.0006
deviation

Fig. 8 Instrument repeatability measurements summary. Each of the
four cells was imaged five times consecutively. The 3-D similarity
between the reconstructed images in the first trial and the four follow-
ing trials is measured by 3-D correlation coefficients, which are listed.
For cell 4, one slice from each of the five trials at the same position is
shown in the last column.

pared. Two pseudoprojection sets of hematoxylin-stained cells
are taken in two different rotations. 3-D images are recon-
structed using the backprojection algorithm. Since we use the
same exact cell in the two rotations, the only error that can
cause the misalignment of the 3-D images is the mechanical
error. We quantitatively measure this misalignment by using
the phase correlation method. This misalignment can be con-
sidered as a quantitative estimation of the mechanical error.
The misalignment between the two 3-D images is measured to
be within one pixel. The pixel size in our images is 76 nm, so
the mechanical error in the system is estimated to be within
the resolution of the system, which is 350 nm.

Instrument repeatability was tested by taking images of
one hematoxylin-stained cell five times consecutively. The
3-D similarity between the reconstructed images in the first
trial and the following four trials for the same cell is measured
by the 3-D correlation coefficient."* We repeated this experi-
ment for four different cells and the results are summarized in
Fig. 8. Slices from each of the five different trials for the one
cell (4) having the lowest similarity measured by 3-D the
correlation coefficient are also shown in Fig. 8. The results
show that the instrument can preserve cell features well in
repeated optical scans, as the repeated images of cell 4 are
indistinguishable by an experienced human observer.
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In Fig. 6, the cytoplasm of the cell in absorption mode can
be easily distinguished. However, in fluorescence mode only
the cytoplasm near the large chromosomes can be clearly
seen. In absorption mode, a small residue of hematoxylin is
assumed to be distributed throughout the cytoplasm, which
allows the cytoplasm membrane to be distinguished. Since
RNA concentration in the cytoplasm is very low, the signal
from the cytoplasm is expected to be quite weak in the fluo-
rescence mode. As a result, the entire cytoplasm cannot be
distinguished from the background. The halos around chro-
mosomes in the fluorescence mode can be caused by the scat-
tering of light emitted from the labeled chromosomes.

As mentioned in Sec. 2.3, muntjac cells are first stained
with hematoxylin and then with Sytox Green. The order of
staining is important. Hematoxylin solution’s high pH may
affect Sytox Green’s ability to fluoresce. Sytox Green can be
sensitive to the ionic and polarity environment provided by
hematoxylin solution. At the same time, exposure to light can
cause photobleaching if fluorescence dye is added prior to
absorption staining.

5 Conclusion

The practice of clinical cytology relies mostly on bright-field
microscopy using absorption stains, while the practice of mo-
lecular biology research relies on fluorescence microscopy
and molecular probes. OPTM allows 3-D imaging of both
contrast mechanisms with isometric high resolution of
0.35 pum, which makes it a valuable tool for both disease
diagnosis and biological research.
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