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Abstract—We developed a cryo-imaging system, which
alternates between sectioning (1040 um) and imaging bright
field and fluorescence block-face image volumes with micron-
scale-resolution. For applications requiring single-cell detec-
tion of fluorescently labeled cells anywhere in a mouse, we
are developing software for reduction of out-of-plane fluo-
rescence. In mouse experiments, we imaged GFP-labeled
cancer and stem cells, and cell-sized fluorescent microspheres.
To remove out-of-plane fluorescence, we used a simplified
model of light-tissue interaction whereby the next-image was
scaled, blurred, and subtracted from the current image. We
estimated scaling and blurring parameters by minimizing an
objective function on subtracted images. Tissue-specific
attenuation parameters [ur: heart (267 &+ 47.6 cm™"), liver
(218 + 27.1 em™ "), brain (161 & 27.4 cm™ )] were found to
be within the range of estimates in the literature. “Next-
image” processing removed out-of-plane fluorescence equally
well across multiple tissues (brain, kidney, liver, etc.), and
analysis of 200 microsphere images gave 97 + 2% reduction
of out-of-plane fluorescence. Next-image processing greatly
improved axial-resolution, enabled high quality 3D volume
renderings, and improved automated enumeration of single
cells by up to 24%. The method has been used to identify
metastatic cancer sites, determine homing of stem cells to
injury sites, and show microsphere distribution correlated
with blood flow patterns.

Keywords—Image processing, Block face imaging, Fluores-
cence imaging, In vivo cellular imaging, Stem cell imaging,
Metastatic cancer, GFP imaging.

INTRODUCTION

Cryo-imaging®®'>1%2%2% provides single cell reso-

lution and sensitivity over an entire specimen, which is
not possible with in vivo, small animal imaging systems
such as CT, MRI, PET, SPECT, intra-vital imaging or
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bioluminescence. Cryo-imaging consists of a modified,
bright-field/fluorescence microscope; a robotic imaging
system positioner; a customized, whole mouse motor-
ized cryomicrotome; control system; and analysis/
visualization software. By alternately sectioning and
imaging the specimen, the system acquires brightfield
color and fluorescent image volumes, providing mi-
cron-scale, detailed views of anatomy and cells labeled
with fluorescent reporter genes or exogenous fluoro-
phores. The other whole-mouse modalities named
above do not offer the combination of resolution and
contrast mechanisms found in cryo-imaging. Optical
imaging modalities such as intra-vital imaging® do not
offer the field of view (FOV) or depth of field of cryo-
imaging. Image quality with traditional optical
microscopy techniques (i.e. confocal microscopy)
degrade with depth due to the accumulating effect of
absorbance and scatter of light by tissue and are lim-
ited to imaging structures near the tissue surface
(~100 pm).>'*3%  Unlike other optical imaging
modalities, cryo-imaging does not suffer from image
degradation at depth, but rather only images structures
at the surface by physically sectioning the tissue. This
allows cryo-imaging to image an entire mouse with
single cell sensitivity and resolution over the entire
volume.

By imaging with high resolution and sensitivity, it
is possible to identify fluorescently labeled single cells
or cell clusters within a mouse. Once cells are iden-
tified, cell locations can be mapped relative to the
tissue anatomy in the high contrast, 3D cryo-image
color volumes. The combination of single cell detec-
tion and high resolution anatomical data would
benefit many potential applications across many areas
of biomedical research, including cancer biology/
therapy, stem cell biology/therapy, mouse phenotyp-
ing, imaging agent development, drug delivery sys-
tems, etc.

Out of plane fluorescence presents a challenge to
single cell detection in cryo-imaging. Typically, in

0090-6964/09/0800-1613/0 © 2009 Biomedical Engineering Society



1614 STEYER et al.

epifluorescence imaging, an objective lens with a high
numerical aperture lens is used, which in turn has a
small focal depth, limiting the out-of-plane fluores-
cence.”’” With our cryo-imaging system, we require a
long working distance (=70 mm) so as to limit the
exposure of the objective lens to the cold temperatures
(=—25 °C) deep in the cryostat chamber and to guard
against possible debris from cutting. We also require a
large field of view to minimize the number of images
needed to image the entire specimen block-face. To
satisfy field of view and depth of focus constraints, we
often use a 0.11 NA objective lens giving a 477 ym
depth of focus and leading to inclusion of out-of-plane
fluorescence. Out-of-plane fluorescence gives a sub-
surface haze in 2D images and an elongation artifact
along the z-axis that appears as a ““‘comet tail” in 3D.
The “‘comet tail” artifact can connect separate struc-
tures, leading to quantification errors, particularly
when counting fluorescently labeled cells, such as stem
cells.

In conventional microscopy, blurring by the optical
system often exceeds that due to scattering in tissue,
and this is exploited in 3D computational optical sec-
tioning, where images are acquired at different focal
planes throughout the sample. Deconvolution algo-
rithms accounting for the microscope optical 3D PSF
create high quality 3D image stacks.>* The earliest
algorithms for computational optical sectioning were
nearest-neighbor algorithms which did not require
measurement of the PSF. Typically, images acquired
above and below are digitally blurred and subtracted
from the image of interest to remove out of plane
blurring. Such nearest neighbor algorithms motivate
our “‘next-image” algorithm for the removal of sub-
surface scatter, with one important difference. Since
cryo-images are collected using a stereo microscope
with a large depth of focus (=477 um), the optical PSF
does not noticeably blur features over the range at
which out-of-plane fluorescence is visible (=120 pm).
Blurring in cryo-images is primarily due to scatter
within the tissue.

In this paper, we develop and evaluate “next-image”
processing for reducing out-of-plane fluorescence in
cryo-imaging. In experiments, we image homogeneous
phantoms and whole mice following intra-cardiac
injection of fluorescently labeled cells or microspheres.
Because light scattering and absorption can vary
between tissues, a key feature of our experiments is to
determine potential dependence of next-image param-
eters on tissue type. In sections that follow, we develop
the algorithm, describe our fluorescence correction
software, parameter estimation software, process
cryo-image volumes, compare 3D reconstructions of
original and processed data, and quantify the ability to
count cells with and without processing.

Next-Image Algorithm for Reduction
of Out-of-Plane Fluorescence

Theory

In the formation of a block-face image, photons
from the light source, I,, reach the specimen and a
percentage is transmitted into the tissue, 7, depen-
dent upon the block-face index of refraction. The
photons that enter the specimen are absorbed (ua ex)
and scattered (ug ., = (1 — g)usex) according to Beer’s
law, dependent upon the attenuation coefficient of the
specimen, fig, = UG o + HA ox (events/cm).! A percent-
age of photons that reach fluorophores embedded in
the specimen are absorbed by the fluorophore and
result in the fluorescent emission of photons, which is
dependent upon the quantum efficiency of the fluoro-
phore. Photons are emitted from the fluorophore in
all directions at a different wavelength from the exci-
tation photons. The emitted photons that travel back
toward the imaging system, Fj, are scattered (g, =
(1 - g):uS,em) and absorbed (.uA,em)’ HEm = :u/S,em+ HA em
(events/cm), and a percentage are transmitted at the
tissue—air interface, Ti,, and reach the detector. This
simplification is used to describe the fluorescent
intensity in cryo-images at a given distance in tissue as
shown in Eq. (1).

1(5) = [Io Tuexp(—ptpms)exp(—pipxs) Twal Fi - (1)

Equations describing a series of cryo-images are
given below where increasing i indicates subsequent
tissue slicing down through the block, F;is the in-plane
fluorescence and Fj x- ;is out-of-plane fluorescence in
cryo-image i and in-plane fluorescence in image k.

Iy = [l Tl Fi Tia + [ TueXp(—pgms) | F2[exp(— gy s) Tial
+ [0 TareXp(—ptgm 25) | F3[exp(— ey 25) Tia
+ o Tarexp(—pgm 38) | Falexp(—pug,35) Ta] - - -
I =l Tal P2 Tt + [Io TareXp(—pems) | F3[exp(—pexs) Tial
+ o Tarexp(—pem2s) | Falexp(— g, 25) Tia
+ [0 TareXp(— g 35)| Fs[exp(— g 38) Tia] - -
(2)
I = [IoTai|FiTwa + [Io Tay Ta€xp(—pis) | Fig1
+ o T Traexp(—pir25)| Firo
+ [l Tar Tra€Xp(—pr3s)] Fiy3 -+
where pt = pfEm e
To perform next-image processing, the next cryo-

image is attenuated and subtracted from the current
image. Substitution from above gives

I — exp(—prs) i1 = I TaFiTw, (3)

where the right hand side is a measurement we desire
free of subsurface fluorescence. This calculation was
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insufficient to remove out-of-plane fluorescence as it
did not take into account scattering. Reinisch es al.*!
discussed that in a highly scattering media, such as
tissue, and at a similar scale, scatter can be modeled by
a Gaussian. We modify Eq. (3) to include Gaussian
blurring with kernel /4, giving the equation below.

I; — exp(—prs) i1 @ h(x,p)] = b TaFiTa  (4)

Assuming constant slice thickness and pt, we can
simplify to give our working equation where k =
exp(—prs).

Ii — k[l @ h(x,y)] = o TaFiTra (5)

We understand that there are inherent limitations
and assumptions built into the above equations, which
will be addressed later.

Estimation of Parameters

We developed a computer program to estimate
next-image parameters, k and ¢. We assume small
fluorescent structures such as fluorescent microspheres
or cells. The user manually selects a region of interest
(ROI) containing a single fluorescent structure in a
given tissue. The program then automatically propa-
gates the user specified ROI to include each 2D
cryo-image in which the fluorescent object is > C times
the background signal. The user defined C should give
the best tradeoff between maximizing object detection
and minimizing falsely classifying background.

Our software automatically estimates next-image
parameters, k and ¢. For an image region containing
out-of-plane fluorescence, the “‘next” image region is
blurred and scaled by k and o, respectively, and sub-
tracted from the “current” image region. The Leven-
berg—Marquardt algorithm is used to minimize an
objective function, F,pj, subject to constraints, 0 <
k<1 and 0 <6 <100 um. The objective function,
Fopj, 1s given by

Fovj = Z|Rs(i, k) — ugsl (6)

where Ry(i, k) is the subtracted image region, ugs is the
mean value of the subtracted image region, and X
provides for the summation of intensity values across
the region. The objective function is minimized when
pixel intensities in the ROI are reduced to the
approximate value of the mean, which is a good esti-
mate of the subtracted background. To help justify Eq.
(6), we note its similarity to the variance calculated
over the subtracted image region. It will penalize any
deviations from a constant mean value. In preliminary
experiments, we found Eq. (6) superior to variance.
Optimization is stopped when the objective function
changes less than a tolerance value.

For each tissue of interest, parameters were deter-
mined from many fluorescent cells or microspheres; we
used at least 20 microspheres or cells, and 2—4 images
per microsphere or cell, giving a minimum of 60 2D
ROIs upon which parameters were estimated. We
found it necessary to reject some (=5%) of parameter
sets, {k, o}, as outliers. This occurred whenever there
was a very low signal to noise ratio in the subtracted
image, typically leading to inaccurate estimation of o.
Rather than using parameter estimates, we rejected
outliers if the mean of the absolute value of the
intensity in the subtracted image region was not
reduced to within 1.5 times the background signal of
the original image. Outliers were discarded and the
mean of remaining values was used as the k and ¢
value for the corresponding tissue type.

Removal of Out-of-Plane Fluorescence

Given next-image parameters, k and o, we now
describe how to remove subsurface fluorescence in
cryo-images. We start with bright field and fluores-
cence cryo-images, which have been carefully aligned
along z (Fig. 2b). Using the bright field images con-
taining the tissue of interest, the user segments either a
volume of interest in the tissue or the entire tissue.
Within this segmented region, previously determined &
and ¢ values are used with Eq. (5) to remove out-of-
plane fluorescence from all cryo-images in the volume.
Pseudocode for the next-image processing algorithm
implemented in our parameter estimation and fluo-
rescence removal software has been provided in
Table 1.

EXPERIMENTAL METHODS

Instrument

The cryo-imaging system (Fig. 1) consists of a
modified large section cryo-microtome (Model 8250,
Vibratome Inc, St. Louis, MO), XYZ robotic positioner
carrying an imaging system which consists of a stereo
microscope (SZX12, Olympus, Japan), GFP fluores-
cence filters (Exciter: HQ470/40x, Dichroic: Q495LP,
Emitter: HQS500LP, Chroma, Rockingham, VT), low
light digital camera (Retiga Exi, QImaging Inc., Can-
ada), brightfield light source, and epi-illumination
fluorescent light source (XCite 120PC, EXFO, Canada).
The cryo-imaging system is controlled by a control
computer running Labview (National Instruments,
Austin, TX). The stereo microscope uses multiple
objectives (0.036 NA and 0.11 NA) and zoom settings
(7-90x), and the FOV can be varied to cover an entire
mouse or down to a small organ with a maximum
in-plane resolution of 3.1 um. To enable very high
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TABLE 1. Pseudocode for the determination of next-image processing parameters and the removal of out-of-plane fluorescence.

Estimation of k and o

load aligned cryo-image stack
determine background of the stack
threshold = C * background
for every image in the stack

% finds out-of-plane fluorescence, where the user defined parameter C > 2

user selects small regions containing a single fluorescent structure at the block face surface

% not visible in the next cryo-image

% the out-of-plane fluorescence caused by the object is followed through the previous images

for all previous images in the same region of interest
% then out-of-plane fluorescence is present

if previous_image > threshold

segment region in previous images containing out-of-plane fluorescence using the user specified region
(k, 0) = find values which minimize the objective function within the region of interest
objective_function = modified_entropy(current_image — k* [Gaussian(o) ® previous_image])
% modified_entropy is the entropy after the background peak in the histogram has been removed
record o and k for every fluorescent structures in the stack

remove outliers from list of o and k

determine mean value of remaining o and k values

store values for later use and save in the parameter library

Removal of Out-of-Plane Fluorescence
if images contain a single tissue type

load aligned cryo-image stack
If images contain multiple tissue types

load aligned cryo-image stack of segmented tissue
determine k and o from a library of parameters or estimate them as above

for every image in the stack

subtracted_image = current_image — k [Gaussian(o) ® previous_image]

If fluorescent structures are present in the region of interest then k and sigma can be determined. After parameters have been determined, or
if parameters are to be selected from a library, then out-of-plane fluorescence is removed. Images should contain a single tissue or tissues
should be segmented prior to processing to remove out-of-plane fluorescence.

FIGURE 1. Cryo-imaging system. A custom made three axis
positioning system was mounted on top of a cryo-microtome.
A stereo-microscope with fluorescent camera are mounted on
the positioning system.

resolution imaging over a large FOV, the XYZ robotic
positioner moves the imaging system over the entire
specimen, creating a micron-scale tiled image acquisi-
tion. Once collected, images were aligned using Amira
(Mercury Computer Systems Inc., Chelmsford, MA) to
correct for small (micron-scale) misalignments and

corrected by hand where necessary. Our fluorescence
correction and parameter estimation software was
written in Matlab (Mathworks, Natick, MA). All pro-
cessing and alignment was performed on a PC running
Windows XP with a 3 GHZ Intel Pentium 4 processor
and 2 GB memory.

Animal Protocol

Animals are covered under various TACUC-
approved projects. Prior to being euthanized mice were
anesthetized with pentobarbital through a tail vein
injection. The mice were then euthanized in a method
approved by Case Animal Resource Center (ARC),
which consists of euthanizing the animal with pento-
barbital. Following sacrifice the mouse was covered
with the embedding compound optimal cutting tem-
perature compound (OCT) (Tissue Tek, Ted Pella,
Inc., Redding, CA), ensuring that the carcass is com-
pletely covered and no air bubbles will be formed in the
next step of embedding. The mouse was then embed-
ded in OCT inside an aluminum foil mould. The entire
mould is snap-frozen in liquid nitrogen for twenty
minutes to reduce ice crystal formation. Following this
the mould assembly was removed from the liquid
nitrogen bath and placed inside the cryomicrotome
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chamber to equalize the specimen temperature to that
of the cryomicrotome. After 3 h the mould was
removed and the frozen specimen mounted on the
microtome stage and the slice thickness was set to
40 um. Mouse specimens were prepared as described
and imaged at 7x magnification, with a pixel-size of
15.6 um and a focal depth of 477 um, unless otherwise
specified.

Animal Experiments

To investigate processing in a controlled fashion
with an almost constant bright fluorescence signal, we
conducted experiments using fluorescent microspheres.
Prior to sacrifice, a mouse was anesthetized with pen-
tobarbital and a solution of saline and 15 ym green
fluorescent microspheres (FluoSpheres, Invitrogen,
Carlsbad, CA) was injected into the left ventricle of the
heart, and time was given for the microspheres to cir-
culate prior to sacrifice. Data sheets on the micro-
spheres indicate that size variation is 15.4 + 1.6 um
and fluorescence was found to vary by <4% between
beads. In addition, to test alignment accuracy, graphite
fiducials were inserted into the OCT surrounding the
mouse.

In a parabiosis experiment, a GFP mouse was sur-
gically joined with a wild type littermate at 4 weeks of
age; 4 weeks later the tibia of the negative mouse was
fractured; and four more weeks later the conjoined
mice were sacrificed. Imaging was at 40x magnifica-
tion, giving a pixel size of 2.9 um.

Approximately 5 million fluorescently labeled mur-
ine Lewis lung carcinoma (LLC) cells were injected as a
metastatic cancer model via tail vein injection into an
adult mouse. The cells were allowed to deposit and
7 days post injection the animal was sacrificed and
cryo-imaged at 25x magnification, with a 0.11 NA
objective, and an image resolution of 6.21 um.

In all experiments, the excitation peak of GFP is at
475 nm and the emission peak is at 509 nm.

Phantom Experiments

An imaging phantom was created by embedding
15 um diameter green fluorescent microspheres (Flu-
oSpheres, Invitrogen, Carlsbad, CA) within OCT. The
phantom was then snap frozen in liquid nitrogen,
mounted to a stage inside the imaging cryo-microtome
and imaged. Slice thickness was set at 5 um and image
magnification at 27x, with pixel size of 4.0 um.

To test the stability of our fluorescence imaging
system, we imaged a fluorescent microsphere test slide
(FocalCheck, Invitrogen, Carlsbad, CA) over the
course of an hour at 25x magnification.

RESULTS

We performed several tests to ensure our system met
necessary engineering requirements for removal of out-
of-plane fluorescence. First, the fluorescence imaging
system was tested for fluctuations in steady state
imaging conditions, by imaging a fluorescent test slide
consisting of stably fluorescent microspheres. Fluo-
rescent image intensity was measured over a 1-h period
and found to be very consistent as the average intensity
across a single microsphere varied by ~1%. The small
variations in image intensity affected the entire image,
and therefore is most likely due to fluctuations in light
source intensity. Fluctuations appeared random when
plotted as a function of time. Second, to ensure that
fluorescent intensity was directly proportional to
fluorescent concentration, the relationship between
fluorescent emission and excitation was tested on a
fluorescent test slide and found to be linearly related.
The stably fluorescent microsphere test slide was
imaged at varying levels of excitation light intensity by
adjusting the light source intensity. A decrease of 1/4,
1/2, and 3/4 in light source intensity was found to
correspond to a decrease by approximately 1/4, 1/2,
and 3/4 respectively of the measured fluorescent
intensity. Third, the accuracy of image registration was
verified to be accurate to less than one pixel. To test
registration accuracy, cryo-images of a mouse (Fig. 2a)
with a graphite fiducial embedded next to the mouse
were aligned using only image information from the
mouse. The center point of the fiducial was determined
in each aligned image and a line was fit to the center
point with respect to sectioning depth. The fiducial was
found to be accurately reconstructed as a straight line
with a Euclidian distance error less than one pixel
(Fig. 2b).

The peak intensity of multiple microspheres in the
imaging phantom was plotted as a function of depth
from the surface to evaluate the exponential attenua-
tion model (Fig. 3). Because the fluorescence intensity
across multiple microspheres varies by <4% and is
very stable with time, we lump measurements from
multiple microspheres without normalization. In a
cryo-image volume of 130 images, the peak intensity,
mean value, and standard deviation of 5 microsphere
over 17 images was recorded along with the depth of
the microsphere from the surface. The microsphere
depth was determined as the z distance from the cur-
rent image to the last image in which the microsphere
was visible. Data were well fit to an exponential fit
(f(x) = exp(—u*x) + offset, where x is the depth from
the surface in microns, offset is the background, and
f(x) 1s the intensity) (Fig. 3). The correlation coefficient
between the data and the fitted exponential with
pr = 187 cm™! was 0.9973. Not only does the quality
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FIGURE 2. Example cryo-image and evaluation of image alignment. A single 2D cryo-image of an entire mouse is shown (a).
Different tissues are clearly distinguishable in the brightfield color image (a). A graphite fiducial was embedded in OCT alongside a
mouse and cryo-imaged. Cryo-images were aligned with the graphite fiducial masked out of the images so it did not influence the
alignment. The center of mass of the fiducial was determined in each cryo-image and fit to a straight line. The euclidian distance
errors from a straight line were <1. The graphite fiducial was surface rendered and overlaid on a 2D brightfield cryo-image of the

mouse.

of the fit support the model, it indicates a consistent
slice thickness and fer.

Prior to next-image processing, fluorescent micro-
spheres appeared as “comet tails”” when viewed from
the “side” in a 3D view (Fig. 4a). Subsurface fluores-
cence is seen at distances >100 um. Out-of-plane
fluorescence is more apparent in the imaging phantom
than in tissue due to its relatively low absorption and
scattering and its lack of autofluorescence background.
As a result, the phantom is more difficult to success-
fully process, and it presents good data for evaluation
and testing. Next-image processing was performed
using g = 194cm™' and ¢ =72 um as deter-
mined using the parameter estimation software. The

estimated value of ur is very similar to the coefficient
(ur = 187 cm™") of the exponential fit in Fig. 3.
Analysis of a single microsphere visible in two con-
secutive images was processed (Figs. 4c and 4d) with
(Fig. 4f) and without (Fig. 4e) blurring. With blurring
(¢ = 7.2 um), out-of-plane fluorescence was com-
pletely removed. Without blurring, an outer, halo ring
of subsurface fluorescence was present. In the next-
image processed data 97 + 2% of out-of-plane fluo-
rescent intensity was removed (Fig. 4b), quantified as
follows. In a ROI, pixels above a threshold value, T,
were labeled as out-of-plane fluorescence. The
threshold value T was set equal to the sum of the mean
value and standard deviation of the background
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FIGURE 3. Exponential fit of intensity as a function of depth
from the surface. Microspheres were embedded in OCT and
imaged with a slice thickness of 5 ym. Five microspheres
were used over 17 images without normalization to determine
the mean value, which is shown, along with the standard
deviation of the intensity at each depth from the surface. The
standard deviation was found to be between .87 and 6.48% of
the mean value at each distance location.

(T = ugkg + 0BkG)- Visual inspection was performed
to assure that no background pixels were included. The
same ROI was analyzed following next-image pro-
cessing, and the sum of the intensity of those pixels
greater than 7 was calculated. This was a more con-
servative calculation than obtaining average intensity
values with and without processing. The small amount
of remaining out-of-plane fluorescence was barely
visible and located along a few pixels in the same xy
location (Fig. 4b). Post processing the microspheres
appeared as objects with a 16 um diameter, within the
range supplied by the manufacturer of 15.4 £+ 1.6 um.

A next-image parameter library was created from
the whole-mouse microsphere data (Fig. 5a). Micro-
spheres were found in almost all organs (Figs. 5b and
6) except the lungs because microspheres injected on
the arterial side could not pass through tissue capil-
laries before entering the lungs. Microspheres concen-
trated in the brain, kidney, liver, and areas containing
large skeletal muscle. These areas receive a large
percentage of the blood flow in the mouse, 14%, 22%,
27%, and 15% respectively.!' After processing,

FIGURE 4. Removal of out-of-plane fluorescence from cryo-images of fluorescent microspheres. 2D maximum intensity projec-
tion (MIP) side view of a cryo-image stack of fluorescent microspheres embedded in OCT before (a) and after next image pro-
cessing (b). In (b) a microsphere is visible that was obscured by out-of-plane fluorescence in the original cryo-image. From the
same data set two consecutive images (c, d) were processed with ¢ = 0 um resulting in a “halo effect” around the microsphere
(e, f) that is removed when ¢ = 7.2 um was used (g). The image processed without a blurring function (f) has a max value of 15 and
a mean value of ~4, while the image processed with a blurring function (g) has a max value of 3 and a mean value of ~1.5.
Grayscale windowing is identical in (a) and (b), (c), (d) and (e), and (f) and (g). Grayscale windowing was adjusted for different

figure sets dependent upon intensity and features of interest.
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FIGURE 5. 3D whole mouse volume rendering of fluorescent microspheres. Microspheres were too small to see when viewing the
entire mouse and are instead shown as larger white spheres of equal size (a). Some spheres appear dimmer or larger due to
transmission loss caused by the brightfield volume rendering and perspective effects (a). A white sphere was placed to show a
location in which multiple microspheres were present in a cube 100 um in length. A 3D surface rendering of the kidney and
associated vasculature are shown (c). A 2D brightfield cryo-image of the kidney is shown overlaid with the corresponding

next-image processed fluorescent image (b).

individual microspheres are visible, often with multiple
microspheres, ~5-13, along a microvessel. Groups of
microspheres are especially visible in the brain
(Figs. 6¢ and 6¢). By rotating the volume rendering it is
possible to view the individual microspheres (Fig. 6f)
that appear as a line segment from a different angle
(Fig. 6e). The concentration of microspheres in other
organs, such as the kidney (Figs. 5b and 5c), was lower
and aggregates of microspheres were smaller. The
kidney was found to contain 5295 connected compo-
nents, approximately half as many as the brain. The
concentration of microspheres in tissues is commonly
used to measure regional blood flow® and the differ-
ence in microspheres implies that blood flow to the
brain is approximately twice the blood flow to a single
kidney, closely matching reported values of brain

blood flow being 1.6 times the blood flow to a kid-
ney.'" Regional differences in blood flow can be seen in
the kidney (Figs. 5b and 5c), where large numbers of
microspheres were trapped by the network of capil-
laries in the nephrons of the medulla and outer cortex.
In all tissues of interest, microspheres were present
for the determination of next-image parameters. Typ-
ically, microspheres were visible for 80-160 ym in
depth. The parameter library is given in Table 2. As
described in “Discussion”, mean ut values fell within
ranges of reported ut values obtained with much dif-
ferent methods. Reported ur values were typically
spread over a large range due to different techniques
used to determine tissue properties, different wave-
lengths of light used, different tissue preparation
methods, and tissue harvested from different species.
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500 pm

FIGURE 6. Volume rendering of brightfield and fluorescent cryo-images of fluorescent microspheres in a mouse brain. A surface
rendering of the segmented brain is shown along with a brightfield volume rendering of the mouse (a). A slab of the fluorescent
volume (100 images) was volume rendered and displayed on top of a brightfield image (b, c). Renderings of the microspheres from
the original data (b) appear brighter than an identical rendering of the next-image processed data (c) due to the presence of out-of-
plane fluorescence. Next-image processing was performed with ur = 161 cm™~ "' and ¢ = 11.2 um. The distortion due to out-of-plane
fluorescence is apparent in a zoomed in region of the brain showing only the volume rendered beads (d—f). Streaks due to out-
of-plane fluorescence are visible in the unprocessed data (d) that are clearly removed in the processed data (e, f). Because the
microspheres were trapped in the microvasculature of the brain multiple microspheres often deposited next to one another and
appear as a line segment outlining the vessel (e). By rotating the volume rendering it is possible to view the individual micro-
spheres (f) that appear as a line segment from a different angle (e).

TABLE 2. Next-image parameters were measured using our parameter estimation software for various organs.

Tissue type ur (em™") () ur (ecm™ ) o (um)

Heart (n = 19) 267 + 47.6 182-312 9.1 +21
Fatty tissue (n = 23) 254 + 46.4 165-676, 202 122 + 2.7
Liver (n = 14) 218 £ 27.1 50.8-304 75 +17
Muscle (n = 22) 214 + 415 41-345 9.0 £ 2.1
Kidney (n = 16) 207 + 34.7 () 6.6+ 1.6
Adrenal gland (n = 19) 206 + 29.7 () 58+1.3
Brain (n = 21) 161 + 27.4 52.6—687 1M1.2+17

Attenuation coefficients and ¢ values as determined by our parameter estimation software are shown in the second and fourth column
respectively along with the standard deviation. The number of measurements taken is displayed along with the tissue type in parenthesis. The
range of reported values is shown in the next column if such values were available. For the fatty tissue a value of 202 cm™~" is shown in italics
representing the closest value to the wavelength of GFP.* In other tissues no values were reported at wavelengths closely matching the
emission wavelength of GFP. All parameters except those for the adrenal gland were determined from images taken of the mouse perfused
with microspheres. Parameters for the adrenal gland were determined from images taken from the mouse injected with GFP positive LLC cells.

We analyzed next-image parameters for dependence independently between each tissue with o = .05. With
upon depth and tissue type (Fig. 7). Although no respect to ur all tissues except the heart and fat tissue;
consistent trend is seen with depth, data values from liver, muscle and kidney; and muscle, kidney, and the
different tissues show a clear separation. A f-test adrenal gland were found to be statistically different.

was performed on the measured pr and o values For all tissues that were not statistically different with
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FIGURE 7. 3D plot of measured attenuation coefficients, ¢ values, and microsphere depth for various tissues. Values for ¢ and uy
were determined using our fluorescence correction software in various tissues (see figure legends). These parameters were
determined using images of beads at different distances from the surface. For both ¢ and u; there was no discernable relationship

between bead depth and the measured value.

respect to ur, the o values were found to be statistically
different.

To further analyze the significance of tissue type on
next-image parameters, we processed images from
different tissues using correct parameters (Figs. 8b, 8e,
and 8h) and those from a different tissue (Figs. 8c, 8f,
and 8i). Images processed with incorrect parameters
showed artifacts. If k was too large then negative val-
ues were present in the processed images (Figs. 8¢ and
8f). If k was too small then out-of-plane fluorescence
was incompletely removed (Fig. 8i). Upon visual
inspection it was found that images processed with
correct parameters were artifact free.

Next-image parameters successfully removed out-
of-plane fluorescence and improved microsphere and
cellular quantification (Figs. 6, 9, and 10). Prior to
processing, individual cancer cells in the adrenal gland
(Fig. 9a) and microspheres in the brain (Fig. 6a) were
difficult to distinguish and quantify due to the “‘comet
trail” of out-of-plane fluorescence which tended to
“join” individual cells. Next-image processing was
performed in a region of interest for both tissues using
pr = 161 and 206 cm™' and ¢ = 11.2 and 5.8 um for
the brain and adrenal gland respectively (Figs. 6, 9c,
and 10b). Next-image parameters in the brain and
adrenal gland were determined using our parameter
estimation software. Fluorescent structures were
determined to be single microspheres through visual
analysis and integrated intensity. The integrated
intensity of single microspheres was found to vary by

<34%. The variation is due to changes in attenuation
depending upon the depth of the microsphere from the
surface. A 15 um diameter microsphere with slice
thickness of 40 um can vary in depth by up to 25 um,
corresponding to a change in attenuation of 33.0%
(assuming mu = 160 cm™'). Connected component
analysis (CCA) of unprocessed cryo-images found
2835 and 8856 clusters in the adrenal gland and brain
respectively. The same analysis of next-image pro-
cessed data found 3739 and 10317 clusters in the
adrenal gland and brain respectively. The increase in
the number of clusters of approximately 24 and 14% in
the adrenal gland and brain respectively, demonstrates
that cells and microspheres were incorrectly joined into
single clusters in the original data.

Next-image processing successfully removed out-of-
plane fluorescence, greatly improving the fluorescence
contrast of the in-plane GFP-positive cells, while
reducing autofluorescence from the bone and sur-
rounding tissues (Figs. 11 and 12). Bone is highly
autofluorescent, due primarily to the presence of col-
lagen.”® The femur of a wild type mouse that shared
circulation with a surgically joined GFP positive
transgenic littermate was imaged in fluorescence and
brightfield. Fluorescent stem cells, 12-20 um, were
visible across multiple images, along with deeper
autofluorescent bone (Figs. 11a and 11b). Next-image
processing was performed with  parameters,
pr =214 cm™ ! and ¢ = 9 um, from the mouse per-
fused with microspheres.
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FIGURE 8. Comparison of processed cryo-images using different parameter sets. Unprocessed 2D cryo images from the heart,
fat, and brain (a, d, g) were processed using parameters specific to the tissue (b, e, h) and parameters from different tissue (c, f, i).
The tissue type is shown in the original images (a, d, g) in the upper right corner. Processed images (b, ¢, e, f, h, i) are marked in the
lower right corner with the parameters used in next-image processing. Grayscale windowing is the same across each row. Images
of the heart (a—c) and fat (d—f) appear brighter than images of the brain (g-i). This is because images of the heart (c) and brain (f)
processed using incorrect parameters contained negative values and correspondingly shifted the grayscale windowing.

FIGURE 9. Consecutive cryo-image of GFP positive LLC cells in the adrenal gland (a, b). Two consecutive cryo-images are
shown, with image (b) taken after a single 40 um section was removed from the block face shown in image (a). Significant out-of-
plane fluorescence is visible at the arrows in (a). Results of next image processing of (a) is shown in (c). Out-of-plane fluorescence
was removed and a few in-plane individual cells remain. Cells vary in size and intensity depending on GFP expression and cell size.

Next-image processing removed out-of-plane fluo-
rescence in large textured structures, improving con-
trast and resolution in GFP positive mouse skeletal
muscle. Following next-image processing the orienta-
tion of individual muscle fibers (Figs. 12¢ and 12d)
which were blurred in the original cryo-images due to
out-of-plane fluorescence (Fig. 12b), were visible. In

the original cryo-images out-of-plane fluorescence is
visible along the periphery of the muscle and the inside
of muscle vasculature. Processing with parameters
taken from the library determined for skeletal muscle,
pr = 214 em ™' and o = 9.0 um, removed out-of-plane
fluorescent resulting in significant improvement in
image contrast, as well as removing a ‘halo”
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FIGURE 10. Comparison of unproc d and proc

d cryo-image volumes of cancer cells in the adrenal gland. Approximately

5 million cancer cells were injected into a mouse and brightfield and fluorescent cryo-images were collected. The adrenal gland
was manually segmented from the brightfield cryo-images and surface rendered in purple. Vasculature was also manually seg-
mented from the brightfield cryo-images and surface rendered and is shown rendered in red. The 3D renderings of the adrenal
gland and vasculature are sitting atop the corresponding cryo-imaging bright-field image slice of the adrenal gland and sur-
rounding tissue. GFP positive LLC cells were segmented through connected component analysis (CCA) and surface rendered
(green) in both the original (a) and next-image processed data (b). Figure (b) is a volume rendering of the unprocessed fluores-
cence data. Figure (a) is the same figure using ‘“next image” processed fluorescence data.

surrounding the muscle (Fig. 12¢). In the processed
images, muscle fibers are more apparent due to
increased contrast caused by the removal of out-of-
plane fluorescence. A magnified view shows single
muscle fibers and fiber orientation with diameter
~20 um (Fig. 12d). However, not all muscle fibers
were distinguishable from their neighbors. This is most
likely due to the relatively large slice thickness of
40 um in comparison to the average muscle fiber
diameter range of 10-80 pm."'

DISCUSSION

Next-image processing removed out-of-plane fluo-
rescence, improving resolution, contrast, 3D visuali-
zation, and quantification of single cells and cell
clusters. Using our parameter estimation and fluores-
cence correction software, we successfully determined
tissue specific processing parameters and removed
subsurface haze (Figs. 6, 8, 10, 11, and 12). 3D
reconstructions of processed cryo-images show that the
“comet tail” artifact had been removed in imaging
phantoms (Fig. 4) and in whole organs (Figs. 6 and
10). Comet tails caused separate microspheres to ap-
pear as one larger object (Fig. 4). Processing removes
overlaps, improving the quantification of fluorescent
objects (Figs. 6 and 10). Analysis of 2D cryo-images
(Figs. 8, 9, 11, and 12) showed that out-of-plane
fluorescence had been significantly reduced, increasing
contrast sufficiently in 2D images of the skeletal muscle
of a GFP mouse so that the orientation of muscle fi-
bers was visible (Fig. 12). Next-image processing of
cryo-images of fluorescent cells in the parabiosis

experiment removed large autofluorescent background
haze caused by the bone, further improving single cell
contrast (Fig. 11).

Optical properties of tissue depend upon wave-
length. The EGFP (enhanced green fluorescent pro-
tein) labeled cells and microspheres have the same
excitation and emission spectra, allowing us to use
parameters from microsphere experiments on cell data.
We recognize that experiments utilizing fluorophores
with different excitation and/or emission wavelengths
may have different optical properties, requiring a dif-
ferent set of next-image parameters for a given tissue.
Similarly, a different slice thickness will change the
amount of attenuation and scatter between images.
While using Beer’s law one can estimate the change in
k for a given slice thickness, the precise relationship
between blur (o) and slice thickness is not simply
determined. Therefore a change in slice thickness will
necessitate the estimation of ¢ for the given slice
thickness.

Next-image processing is necessary for 3D quanti-
tative analysis of fluorescently labeled cells and
microspheres. Next-image processing correctly sepa-
rated microspheres (Figs. 4a and 4b) incorrectly joined
due to out-of-plane fluorescence in unprocessed data.
Following next-image processing, single cell identifi-
cation was possible in the adrenal gland (Figs. 9c and
10b) and single microsphere identification was possible
anywhere in a mouse (Figs. 6d and 6e). CCA was used
to perform cell counting in the adrenal gland before
and after processing, with 24% more cell clusters
found in the processed data set. Similarly, CCA was
used to count the number of microspheres in the brain
before (8856 clusters) and after processing (10317
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FIGURE 11. Next-image processing of cryo-images contain-
ing individual stem cells. A cryo-image of fluorescently
labeled cells at a fracture site in a mouse before (a) and after a
single 40 um section was taken (b). Images were taken of a
parabiosis mouse model in which a GFP positive transgenic
mouse and a GFP negative littermate had surgically joined
circulatory system. Performing next image processing with

u=214cm™ " and ¢ = 9 um on (a) out-of-plane fluorescence
was removed (c). Out-of-plane fluorescence was successfully
removed leaving in-plane fluorescence from two surface GFP
positive cells.

clusters), with an increase of 14% in the number of
clusters found after processing.

Equations developed for next-image processing
(Egs. 1, 2, 5) simplify light-tissue interaction. Our
model assumes that scatter, absorption, and the index
of refraction are homogenous throughout an organ.
Attenuation and scatter are simply modeled by expo-
nential attenuation and Gaussian blurring respectively.
Despite the assumptions and simplifications next-
image processing works quite well. The affect of many
of the assumptions was minimal, i.e. variations in pr
within an organ would result in a change to k& within
the background noise level. Our model of scatter
through Gaussian convolution, was validated through
experimental evidence (Figs. 4c—4g), which was con-
sistent with published reports in the literature.?® There
are other approaches for modeling image formation,
such as the diffusion equation in radiative trans-
fer’12142228 or evaluating solutions using Monte
Carlo simulations”'%'%?%?% that more exactly model
the interaction of light in tissue. Such methods would
not be amenable for a fast image processing approach
for hundreds of GB of data and tens of thousands of
images. By using an exponential model of attenuation
we effectively limited processing time to the time taken
to load and save the images. As a result, we opted for
the simplified model.

Instrumental methods are available to reject out-of-
plane fluorescence. In a confocal scanning microscope,
out-of-focus light is strongly attenuated by the confocal
detector pinhole.!” Another method is the use of
structured light, which projects a single spatial-fre-
quency grid pattern onto the specimen.'”'® Another
less common method is to use polarized light, where
light from the surface will retain polarization while light
from a depth undergoes scattering events and looses
polarization.?® Yet another possibility is computational
optical sectioning in which a stack of focal sections is
recorded and the contribution of out-of-focus signal to
a given section from structures in other sections is
computationally removed.* Potentially some of these
methods could be applied in concert with cryo-imaging.
However, design constraints for whole mouse cryo-
imaging (high field of view, large working distance, low
NA, etc.) greatly limit the applicability of confocal or
computational optical sectioning approaches.

Computational optical sectioning suggests an alter-
native to our next-image processing of cryo-images to
reduce effects of light propagation through tissue. To
at least a first approximation, a cryo-image volume of
a point fluorescence source would yield a cryo-image
PSF, not to be confused with an optical PSF, which
has minimal impact in our case. Iterative deconvolu-
tion using the cryo-imaging PSF could be an attractive
option, at least in some cases requiring high quality
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FIGURE 12. Increased contrast in next-image processed cryo-images of GFP positive skeletal muscle. Brightfield and fluorescent
cryo-images were collected of the GFP positive littermate in the parabiosis experiment. A brightfield cryo-image (a) of the GFP
positive mouse skeletal is shown along with the corresponding fluorescent image (b). Out-of-plane fluorescence is visible along
the periphery of the muscle (*) and inside of the vasculature (arrow). Processing removed out-of-plane fluorescent (c) resulting in
significant improvement in image contrast as well as removing the halo effect (*) and out-of-plane fluorescence visible inside of the

vasculature (arrow).

processing. However, the computation time can be
excessive. For example, three different commercial
deconvolution software packages, Huygens Deconvo-
lution Software (Scientific Volume Imaging, The
Netherlands), AutoDeblur (Media Cybernetics,
Bethesda, Maryland), and Amira, were used to per-
form deconvolution on a small cryo-image stack (300
sections). The fastest deconvolution software (Auto
Deblur) required ~60 min, while the slowest software
package (Amira) required ~90 min to process 300
images. In comparison, next-image processing runs
extremely fast, requiring only 37 s to process the same
data set. Next-image processing allows us to efficiently
process whole mouse datasets (typically consisting of
~24 FOVs, totaling ~30,000 brightfield and fluores-
cent images) in a minimal amount of time.

Measured tissue specific parameters were found to
be necessary and independent of the object used to
measure the parameters. Estimated parameters, pr and
a, were independent of the depth of the structure used
to estimate the parameters. Parameters from different
tissues were separable in 3D feature space (Fig. 7), and
using incorrect parameters in different tissues intro-
duced artifacts (Fig. 8), verifying the use of tissue
specific parameters. Images processed with the correct
parameters (Figs. 8b, 8¢, and 8h), did not contain
negative values (black holes as seen in Figs. 8c and 8f),
caused by k being too large. The brain has a lower
attenuation coefficient, which leads to a larger k value

(k = exp[—put * slice thickness]), and correspondingly
removes in-plane fluorescence, as well as out-of-plane
fluorescence in the heart (Fig. 8c) and fat (Fig. 8f)
images, creating negative values. When k& was too
small, out-of-plane fluorescence was not entirely
removed (Fig. 8i, arrow).

For all tissue types analyzed the estimated attenu-
ation values fell within the range of reported values in
the literature. Reported pt values in the literature were
typically spread over a large range due to the use of
different techniques to determine tissue properties,
including different wavelengths of light, tissue prepa-
ration methods, and tissue harvested from different
species.* The standard deviation of estimated yr and ¢
values ranged from 12 to 18% and 14 to 24% of the
mean value respectively. The relatively large standard
deviation was most likely due to differences in the
actual scattering and absorption coefficient across a
tissue, as variations in tissue properties within an organ
lead to changes in optical properties. However, despite
the large standard deviations the measured pr values
were found to be statistically different for all but the
most similar tissues. In all cases in which ur values
were not statistically different, the ¢ values were found
to be statistically different. Table 2 shows a correlation
between larger o values for tissues with a larger
reported scattering coefficient. For example tissues
with higher reported scattering coefficients and lower

absorption coefficients, fatty tissue (us = 270 cm™ ',
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fa = 49 cm™") and brain (ug =902 cm™', ps =

2.02 cm '), had a larger measured o value.* Similar
tissues such as skeletal muscle and cardiac muscle,
heart, had fairly similar measured ur values,
267 + 47.6 cm™' and 214 + 41.5cm™", and nearly
equal ¢ values, 9.1 &+ 2.1 yum and 9.0 &£ 2.1 um. The
presence of blood surrounding the cardiac muscle most
likely accounts for the increase in measured ur values
without changing ug values between the similar tissues.
Blood is highly absorbing with reported ur values of
514-1416 cm ™' and weakly scattering with reported s
values of 1.68-4.87 cm™'.*

We believe that cryo-imaging is a promising tech-
nology for imaging fluorescent structures and shows
particular promise for imaging fluorescently labeled
cells, specifically stem cells in regenerative medicine
and metastatic cancer. Cryo-imaging is unique com-
pared to in vivo and microscopic techniques, in that it
allows micron scale resolution and information-rich
contrast mechanisms over very large 3D fields of view.
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