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Abstract

Conventional Fine Needle Aspiration Biopsy (FNAB) requires minimal tissue sampling and causes minor tissue
trauma. For these reasons, it is widely used to diagnose many types of cancers. However, the utility of FNA is limited,
due to the lack of sensitivity and loss of structural information. This preliminary study introduces a new type of Three-
Dimensional (3D) cytological imaging, Optical Projection Tomographic Microscopy (OPTM) that has the potential to
reduce errors in FNAB analysis. We first demonstrate the functionality of OPTM, a microscopic imaging method that
produces high resolution 3D images of single cell specimens in absorption mode, to perform multi-cellular imaging of
cells stained with hematoxylin. Then, we use OPTM to image entire FNAB-like specimens in their three-dimensional
form without experiencing errors from overlapping cells, choice of focal plane, and sampling. Our methods show
success in generating volumetric data of large density of cells inside a cylindrical tube representative of FNA
specimen within a 23-gauge needle. This 3D imaging technique may be applied to thin core needlebiopsyspecimens

in the future, which may allow the preservation of tissue microstructure in FNAB specimens.
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Introduction

FNA is an established minimally-invasive technique to obtain
biopsy specimens. Diagnostic FNA samples from thyroid nodules
have drastically reduced the need for diagnostic thyroidectomy [1].
However, FNA biopsy reliability is not 100%; diagnosis of surface
tissue lesions yields sensitivity and specificity ranging from 0.86 — 0.98
and 0.94-1.0, respectively, depending on the location sampled [2-6].
Diagnostic accuracy of endoscopically guided FNA is much lowers,
between 0.6-0.9 [7-10]. It had been shown that combining histology
with cytology can improve diagnostic accuracy and overcome the
limitation in the amount and type of information that cytology alone
can provide [11-13]. For example, tissue structure shown in histology
allows pathologists to identify the organization of neoplastic cells with
respect to each other, presence or absence of basement membranes,
quality and type of supporting connective tissue, including blood
vessels, and the invasive relationship between tumor cells and these
structures. The amount of information gained from histology has often
led to a change in the diagnostic outcome [12,14,15]. Unfragmented
tissue samples are typically obtained from Core Needle Biopsy (CNB),
which uses a larger diameter needle (e.g. 14 G, 2.1 mm OD, 1.6 mm ID),
making it much more invasive than FNA, which uses smaller diameter
needles (e.g. 22 G, 0.718 mm OD, 0.413 mm ID). This larger sized
CNB specimen is too large to observe at high resolution on a bright
field optical microscope, requiring additional tissue slice sampling to
be performed.

A typical FNA sample yields 75,000 cells [1]. Given the physical
demand and time requirement needed, it is difficult to examine all cells
aspirated from FNA with conventional 2D cytology. Clinicians select
a sample of FNA for analysis, occasionally resulting in inadequate
sampling [5,8]. Attempting to isolate cells from tissue fragments can
damage the sample, also contributing to diagnostic errors. These errors
may be eliminated if entire FNA samples can be imaged in their original
Three-Dimensional (3D) form. In addition, issues with cell overlap

and optical focal plane are not present in 3D imaging. Therefore, 3D
imaging allows tissue fragments in the aspirates to be analyzed, which
may yield additional morphological information otherwise unavailable
with 2D cytology.

Well-known 3D microscopy methods such as confocal microscopy
produce anisotropic images [16] and rely on fluorescence contrast in
the epi-illumination mode [17-19]. These methods are unsuitable for
clinical use, since conventional FNA and CNB samples are imaged
using absorptive stains, e.g. Hematoxylin and Eosin (H&E) stain,
in optical transmission mode. To overcome these obstacles, a new
technique to form 3D images in transmission mode, called Optical
Projection Tomographic Microscopy (OPTM), has been developed to
produce isotropic, high resolution images of cells with absorptive stain,
such as hematoxylin [20]. Compared to using 2D analysis used today,
single cell analysis by OPTM in 3D has been demonstrated to reduce
false-negative rate in adenocarcinoma detection by threefold [21].
OPTM is currently designed to image single cells but can be extended
to image multicellular and tissue fragment specimens [22]. This study
extends the functionality of OPTM to perform multi-cellular imaging
and shows the possibility of whole-FNA imaging using OPTM as a way
to reduce errors in FNA diagnosis. Simulated FNA specimens are used
in this preliminary report using a prototype OPTM instrument, with
discussion on future applicability of imaging entire FNA and CNB
specimens from tissue.
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Materials and Methods
Specimen preparation

Indian Muntjac cells (a fibroblast cell line derived from epidermis
of the Indian Muntjac deer) are prepared as described by Miao et al.
[23] to form artificial tissue constructs within a capillary tube. Chicken
red blood cell (RBC) nuclei are also prepared with the same method. A
suspension of fixed and stained cells in optical gel (Nye OC431A-LVP,
Nye Lubricants, MA) is injected from a syringe (Hamilton, NV) into a
fused-silica capillary (Polymicro technologies, AZ) [23]. The capillary is
embedded within a custom-made cartridge, which allows the capillary
tube to be rotated, and fits onto the OPTM stage for imaging.

4.1.2 OPTM imaging: The OPTM platform and method for single
cellular imaging, and the additional modes of biomarker fluorescence
and nanoparticle scattering contrast is well documented [24]. Several
changes are made to the OPTM to perform multi-cellular imaging; a
schematic is shown in Figure 1. Depending on the size of the micro
capillary housing the sample, the objective power and Numerical
Aperture (NA) is decreased accordingly to increase the field of view
(FOV), as recorded in Table 1.

A piezoelectric positioner (MIPOS-500, Piezosystem Jena) is used
to axially move the objective and extend the system’s depth of field.
Similar to single-cell imaging, the capillary tube is rotated a full 360
degrees in 0.72 degree increments, and a projection image is obtained
at each of the 500 perspectives. However, the simulated FNA specimen
may extend beyond a single field of view along both x- and y- axes.
Therefore, after a full capillary rotation, a motor shifts the stage laterally
along either x- or y- axis in order to image the next section of the
specimen. This step is repeated until the entire sample is imaged. In
this particular experiment, images are captured on a grey-scale CCD
camera (DL604M-OEM, Andor, Belfast, Ireland).

3D Image formation and processing

Image processing comprises three steps: registration (alignment)
of the projections from each perspective, removal of the background
pixels, and 3D reconstruction. Background removal is necessary to
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Figure 1: OPTM image collection set-up. The specimen is packed inside a
micro-capillary tube and suspended in gel with index of refraction identical
to that of the capillary tube. This eliminates optical refraction by the capillary
tube. The capillary is embedded in a cartridge (not shown) with cover slips
above and under it, also embedded in the same gel. The cartridge is placed
on a stage, which can shifted laterally by a motor. The capillary is rotated by
another motor for different perspectives to be imaged. Piezoelectric positioner
(PZT) moves the objective axially in order to axially to scan the specimen; this
extends the depth of field of the objective.
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Table 1: Microscope objective parameters and the intended imaging specimen.

prevent artifacts from forming during 3D reconstruction. Projection
images at each perspective are registered with a phase-correlation-based
algorithm [25]. Next, locations of the cell pixels within each registered
projection image are identified, and background pixels are removed.
This is done in order to preserve as much original information as
possible when performing background removal. Finally, a filtered back-
projection algorithm [26] is employed for tomographic reconstruction.
The reconstructed cross-sections are then imported into Volview
(Kitware, Inc., NY) for volume rendering. Volume rendering can
provide clear definition of individual cells, and is useful for visualizing
the spatial relationships between cells.

Results

Chicken RBC nuclei (~4 um) are sparsely packed inside a 50 pm
capillary tube for imaging. Multiple images are taken along a 350
um section of the capillary tube. The images are registered using the
aforementioned algorithms, and the result is shown in Figure 2. The
capillary tube wall can be seen as two horizontal lines in white. No
structure can be observed in the RBC nuclei but chromosomal features
in larger cells have been resolved [23]. 3D Volume rendering of the
same data is shown in Figure 3. Here, background removal prior to
reconstruction removes the capillary wall as well as grease on the
objective, seen as repeated background patterns in Figure 2. It also
successfully removes the grey background, as well as all pixels that are
not identified as cells.

Volume rendering of Muntjac cells using Volview is shown in
Figure 4. Muntjac cells (~12um) are tightly packed inside the 320 pm
capillary tube. The capillary tube wall can be observed as a grayish
cylindrical tube around the cells. In this case, the capillary wall was
not removed to provide a sense of scale. The cells aggregate in the
middle of the capillary, occupying 192 um of the capillary diameter.
Figure 4 shows approximately 600 um of the 1168 um section of the
capillary imaged, which was within a single field of view. Therefore, no
registration was necessary.

Discussion

We have used different objective power and capillary sizes to
show that multi-cell 3D imaging with OPTM can be achieved. Using
a smaller diameter capillary, we showed that volume rendering of
registered images can be successfully done (Figures 2,3). Additionally,
even in densely packed sample that is 192 um in diameter (Figure 4),
optical penetration is not limited at these specimen sizes.

Typically, practitioners use 0.413 mm ID (22 G) or smaller needles
and a 20-mL syringe for fine needle aspiration [1,27]. The 320 pum
diameter capillary used in this study corresponds to a 23-gauge needle
(0.337 mm ID). Glehr et al. [1] report that depending on the type of
syringe used, the median total number of cells over 15 FNA aspirations
was found to be anywhere from 59,680 cells/mL to 396,400 cells/mL.

Figure 4 illustrates how multi-cell OPTM imaging has the capacity
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Figure 2: Registered image of chicken blood nuclei inside 50 pm capillary
tube. A series of images are taken along the sample and registered together
during post-processing. Identical patterns of grease and dirt on the objective
lens can be observed in each image.

Figure 3: Volume rendering of Figure 2 using Vol view. Image background
is removed after image registration. Here, the volumes are shown with color,
which can be adjusted in software.

Figure 4: Volume rendering (a) and slices (b, ¢, d) of one field of view of
Muntjac cells stained with hematoxylin inside a 320 ym ID capillary tube as
seen under 10x objective, rendered using Volview. Reconstruction can be
rotated to be seen in any orientation. Slices can be obtained along the xy (b),
xz(c), and yz(d) planes.

to image a high density of cells that can represent an FNA specimen.
In Figure 4, an average of 24 cells appears on each slice. Since each cell
is approximately 12 um in diameter, we can approximate that there
are 24 cells per 12 um section of the capillary. This corresponds to 24
cells per 0.347 nL, or 69 million cells/mL. The cells packed inside this
microcapillary are 83 times denser than the aspirates acquired by the
FNA syringe, which yields up to 396, 400 cells/mL [1]. The difference in
the two densities is explained by the fact that FNA aspirates can contain
blood, extracellular fluid, fat, and other biological components, while
the simulated FNA was packed with cells grown from cell culture.

In Figure 4, cells aggregate at the center of the capillary tube while
the gel stays near the outer walls of the capillary. In addition, since a
generous amount of gel is embedded inside the capillary tube along
with the cells, the packing density is relatively low and a greater packing
density can be achieved. A spherical cell of 12 pm diameter occupies
905 pm’ of volume, while the capillary tube has a volume of 80425 pum?
per um along its central axis. Therefore, 89 cells can be packed into
every micrometer along the capillary, achieving a theoretical maximum
density of 89 cells per 0.08 nL, or 1.11 billion cells/mL. Therefore, we
conclude that the OPTM has more than enough capacity to image FNA
samples.

Let us assume that a conventional FNA needle biopsy yields a
median cell count of approximately 75,000 cells (1.25mL of sample).
The length of capillary needed to image all 75,000 cells depends on
the anticipated packing density. In Figure 4, cells are tightly packed,
achieving a density of 69 million cells/mL. At this density, only 1.1 uL
of volume is needed to pack all 75,000 cells. When the cells occupy 192
pum diameter of the capillary, we would need 38 mm of microcapillary
to image all 75,000 cells. To image 38 mm of the capillary with a

FOV of 1168 pm, roughly 35 sections along the capillary need to be
registered. This can be easily accomplished with the image registration
algorithm used to obtain Figure 2. Unfortunately, the imaging window
in our prototype OPTM instrument is limited to roughly 1500 mm.
This is due to the limited range of motion of the motorized stage and
the small viewing window of the cartridge which houses the capillary.
In the future, the imaging window can greatly extended by making
modifications to both the stage and the cartridge. On the other hand,
at maximum packing density of 1.11 billion cells/mL, only 0.068 uL of
volume is needed to pack all 75,000 cells. When cells occupy the full
diameter of the 320 pm capillary, only 0.8 mm of the capillary is needed
to image all 75,000 cells, which is smaller than the field of view of the
10x objective. Thus, depending on the packing density and capillary
size, the current set-up of OPTM has the capacity to image every cell
aspirated from an FNA at once.

Thicker specimen sizes of 0.2 mm in diameter are at the
optical penetration limit of high-resolution optical microscopy in
transmission mode. To extend optical penetration depths in thicker
tissue specimens, optical clearing agents will need to be applied during
sample preparation. These chemical agents have been demonstrated to
decrease optical scattering in tissue, thus increasing optical penetration
depths by 10 to 15 times [28]. By adding optical clearing during
sample preparation, OPTM imaging of much greater specimen sizes
are possible. Thus, we expect to extend this new method to CNB
specimens in the future.

Conclusion and Future Work

In this study, we have demonstrated the utility of our OPTM system
in performing 3D multi-cell imaging. Densely packed cells inside the
320 pum capillary, which represents a model of FNA specimens in a
23-gauge needle, are successfully imaged and displayed in a volume
rendering software. The software can display both volumetric rendering
and 2D slices of the specimen, which are more familiar to clinicians.

3D imaging may provide a more intuitive and informative means
to visualize FNA biopsy specimens compared to current cytologic
methods; it can provide structural details of tissue organization not
available on 2D cytologic smears or monolayer cell preparations. By
visualizing the entire biopsy sample, the diagnostic errors resulting
from cell overlap, fixed focus, absence of tissue micro-architectural
information, and sampling errors can be reduced. With 3D imaging, it
is possible to further increase the diagnostic accuracy of FNA biopsies.

In the future, we will modify our OPTM set-up to extend the
imaging window so up to 30mm of capillary can be imaged. We will
increase the imaging resolution by using 40x objectives, so specimens
can be visualized in greater detail. We will compare the sensitivity and
specificity of FNA biopsy using the standard 2D methods versus the new
method of 3D imaging of entire FNA samples. We will also incorporate
optical clearing during sample preparation and attempt to image thin
CNB samples to show the possibility of performing 3D histology
using OPTM. Since biopsies and imaging are both performed inside
a cylindrical tube, it may be possible to perform sample preparation,
including fixing, staining, washing and optical clearing, within a micro
fluidics chamber, without direct handling by human operators.
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